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Abstract 
Metallothionein (MT) is a highly conserved metal binding protein that is found in a 
variety of organisms from yeast to human. It binds heavy metal ions such as Zn^^ and 
Cu2+ ions intracellularly. The biological functions of MT include the homeostasis of 
essential transition metals, detoxification of non-essential heavy metals, e.g., Cd^^, and 
protection against oxidative stress in mammals. It is well known that MT gene 
expression is inducible by heavy metal ions. Zn^^ is able to bind to and activate the 
transcription factor of MT, metal responsive element (MRE) binding transcription 
factor-1 (MTF-1). However, heavy metals apart from Zn^^, such as Cd^ "^  and Cu^^, fail 
to activate the binding of MTF-1 to MREs despite the fact that they can cause a strong 
induction of MT gene expression. How other metal ions induce MT gene transcription 
remains unknown. Different hypotheses explaining how metal ions and MTFs activate 
MT gene have been proposed, but the actual mechanism is still unclear. 
It was previously reported that MTF-1 transcription factor existed as two isoforms 
in tilapia, MTF-IL (long) and MTF-1 S (short). In order to study their respective roles in 
the regulation of MT gene expression, this study focused on tiMT transcription factor 
and its promoter. The tiMT gene promoter region of 2118 bp was cloned and sequenced, 
with a total of six functional MREs identified. Luciferase reporter assay showed that 
the tiMT gene promoter fragment was responsive to Cd^^, Cu^^, Hg^^, Pb^^ and Zn^^. 5' 
deletion and site-directed mutagenesis of MREs in tiMT gene promoter suggested that 
both proximal and distal clusters of MREs were needed for maximal metal inducibility 
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of the tiMT gene. Also，different MREs showed different responsiveness to metal ions, 
among which MREe was the most potent MRE and MREb was responsive to Zn^ "^  but 
not other metal ions. Electrophoretic Mobility Shift Assay (EMSA) identified a 
transcription factor in a tilapia liver cell-line (Hepa-Tl) which bound to MREs, 
excluding MREd. This protein resembled MTF-1 that its binding with MREs was 
activated by in vivo administration ofZn^^ but not the administrations of Cd^ "^  and Cu^ "^ . 
In summary, results of the present study suggested that the mechanism utilized by 
non-Zn2+ metal ions to induce tiMT gene is quite different that by Zn^^, which may 
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1. Introduction 
1.1 Biology of metals 
Heavy metals are ubiquitous and stable elements in the natural environment. 
Some of them are essential to organisms since they are required for biochemical 
functions of both prokaryotic and eukaryotic cells. Among the 30 elements 
essential for life, 17 of them are metals (Cotton and Wilkinson, 1980). However, 
excessive concentrations of these metals can be toxic to cells and organs, through 
different pathways. Organisms, ranging from unicellular microorganisms such as 
bacteria and yeast to multicellular organisms like plants and mammals, have 
therefore developed precise homeostatic regulatory systems for the uptake, 
distribution, storage and detoxification of essential metal ions in order to maintain 
metal levels within physiological limits. However, non-essential metal ions could be 
toxic at low concentration as they could interfere with normal physiological function 
of essential metal ions. 
Some metal ions are essential for normal cellular functions, but are toxic under 
certain circumstances and at particular concentrations, e.g., Cu^^, Co^^, Cr^^, Fe^^ 
and Mn2+. Cu^^ is an essential cofactor for many oxidative enzymes, including 
catalase, peroxidase, cytochrome oxides and others, while a dangerous cellular toxin 
at the same time (Horn, 1984). Co^^ is an essential cofactor for vitamin B^ . Cr^^ is 
an insulin cofactor and Fe^ "^  is required for haemoglobin. Mn^^ is a cofactor in many 
enzymatic reactions involving phosphorylation, cholesterol, and fatty acid synthesis. 
There are also metal ions which are essential and have little toxicity. Zn2+ is an 
example falling into this category, which is required for more than 70 
metalloenzymes, and is an essential component of many transcription factors. 
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(reviewed by Kagi, 1995). Some other metal ions have no known function in cells, 
e.g., Ag+, A13+, Au+，Cd2+，Hg2+ and Pb^^ Among them, Cd^^ Hg2+ and Pb^^ are very 
toxic even at low concentrations. 
1.2 Metal detoxification systems 
Metals, as toxic agents, have several key characteristics. First, metal ions often 
accumulate in biological material. This is because many nonessential metals behave 
like essential elements and gain access through systems intended for the transport 
and storage of the essential element. Also, although the precise form of a particular 
metal ion may change, the basic unit of metal is biologically indestructible. While 
unlike organic xenobiotics which are often metabolized to less toxic substances, 
metal ions remain intact in biological systems unless they are excreted. 
Cells protect themselves from metal toxicity through reduction of uptake, metal 
export from the cell, sequestration within internal organelles and chelation by 
metal-binding proteins and peptides. For reduction of metal uptake, take copper as an 
example, in S. cerevisiae, copper can trigger the degradation of a high affinity Cu 
transporter Ctrl. Ctrl was rapidly and specifically degraded at the plasma membrane 
in the presence of excess extracellular copper (Ooi et aL, 1996). This mechanism of 
copper transporter regulation is conserved in humans (Petris et aL, 2003). Regulation 
of copper transporters is likely an important mechanism for preventing excess 
accumulation of copper, which is harmful to cells. 
Export of toxic metals is a common detoxification strategy in prokaryotes and a 
large number of transport proteins catalyzing metal export have been characterized 
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(Silver, 1998; Rosen, 1999b; Nies, 2003). Compartmentalisation of metals in specific 
organelles such as the vacuole is also found in microbes. Yeast vacuoles serve as a 
storage organelle for metal ions including copper, iron and zinc (Bode et ai, 1995; 
Ramsay and Gadd, 1997; MacDiarmid et al, 2000). And isolation of yeast mutants 
sensitive to copper ion toxicity revealed that genes that played critical roles in 
vacuolar assembly or acidification were required for normal copper resistance 
(Szczypka et al., 1997). In mammalian cells, elevated copper levels activated a 
protective mechanism which involved the copper-induced redistribution of the 
copper-ATPases to the plasma membrane or to vesicular compartments of the cell 
(Petris et al, 1996; Hung et al., 1997). The excess copper could then be expelled 
directly across the membrane or sequestered into vesicles for detoxification. Zinc 
transporters ZnT (SLC30) is also largely involved in lowering cytosolic zinc levels 
(Palmiter and Huang, 2004). There are also some non-specific ion permeation 
pathways playing a role in metal transport, including the divalent-metal transporters 
and L-type calcium channels (Atar et al., 1995; Canzoniero et al, 1997; Sensi et al； 
1997; Kim et al., 2000a; Rolfs and Hediger, 2001). 
Toxic metals may also bind to metal-binding proteins or peptides such as 
glutathione, metallothionein (MT), and phytochelatin compounds (in plant cells) for 
reducing the harmful effects to cells. For example, if the intracellular copper levels 
exceed the efflux capacity of the cell, expression of MTs is induced and these small 
cysteine-rich proteins can sequester the excessive copper (Mercer et al, 2003). MTs 
can also reversibly chelate metals such as mercury, cadmium, lead and zinc (Kagi 
and Kojima, 1987). Besides, metals such as mercury and cadmium have high 
affinities for glutathione. Glutathione acts as the primary intracellular antioxidant and 
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conjugating agent (Quig, 1998) which may also bind some toxic metal ions. 
1.3 Metallothionein 
MTs (Fig. 1) are a unique class of metalloproteins, characterized by a molecular 
weight of 6000-7000 Da, an approximately 60-amino-acid sequence that is high in 
cysteine content (30%) and also is devoid of aromatic residues (Kagi and Nordberg, 
1979; Kagi and Kojima, 1987; Riordan and Vallee, 1991; Stillman et al, 1992; 
Suzuki et a!” 1993; Stillman, 1995). 
Fig. 1 Structure of MTs (Boulanger et aL, 1983). It consists of two subunits, a and p, 
each of which binds with four and three divalent metal ions respectively. 
MT was first isolated from the equine renal cortex about 50 years ago as a 
cadmium-binding protein (Margoshes and Vallee, 1957). MTs are still the only 
biological compounds known to naturally contain this metal. However, cadmium is 
the only one of several optional metallic components, the others being most 
commonly found are zinc and copper (Kagi & Vallee, 1960; Pulido et al 1966). MTs 
occur throughout the animal kingdom and are also found in higher plants, eukaryotic 
microorganisms, and in some prokaryotes (Kojima and Hunziker, 1991). In animals, 
MT proteins are most abundant in parenchymatous tissues, i.e. liver, kidney, pancreas, 
and intestines. There are wide variations in concentration in different species and 
tissues, reflecting effects of age, stage of development, dietary regimen, and other not 
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yet fully identified factors. Although MT is a cytoplasmic protein, it can also 
accumulate in lysosomes, and during development it is observed in the nucleus 
(Banerjee et aL, 1982; Tsujikawa et al, 1992). 
The mammalian forms of MTs contain 60 to 68 amino acid residues with an 
acetylmethionine at the amino end and often alanine at the carboxyl terminal. MTs 
have a unique amino acid sequence with characteristic distribution of cysteine, 
cys-x-cys, cys-x-y-cys and cys-cys sequences, where x and y are non-cysteine amino 
acids. It consists of two subunits: the more stable alpha-domain (carboxyl half) and 
the more reactive beta-domain (amino half) (Nielson and Winge, 1984). The two 
domains of MT correspond to two metal binding clusters. Since MT is devoid of 
histidine, metal binding relies on the coordination with thio group of cysteine. In its 
native form, MT binds 7 divalent metal ions via its 20 cysteines. 11 of the 20 
Cysteines are present in the alpha-domain; the remaining 9 in the beta-domain. X-ray 
(Robbins et cd.’ 1991) and NMR (Schultze et aL, 1988) analyses showed that each 
cluster consisted of tetrahedral tetrathiolate structures. Among the 7 divalent metal 
ions, four of them were found in the alpha-domain, and three in the beta-domain 
(Otvos, and Armitage, 1980; Boulanger et aL, 1983). 
Native MTs are usually heterogeneous in metal composition, with zinc, 
cadmium and copper occcuring in varying proportions (Kagi et al., 1984). But 
studies have shown that heavy metals such as cadmium, copper and mercury are able 
to displace zinc from MT molecules, and this is explained by the affinity of metal 
ions to MT in the following order: Zn^^ < Cd^ "" < Cu^^ < Hg2+ (Day et al, 1984, Funk 
et al” 1987). 
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1.4 Classification of MTs 
A nomenclature system for MTs was first adopted in 1978 (Nordberg & Kojima 
1979) and extended in 1985 by introducing a subdivision of all MTs into three 
classes (Fowler et al. 1987). By this convention, Class I includes all proteinaceous 
MTs with locations of Cys closely related to those in the mammalian forms. Class II 
comprises proteinaceous MTs which lack this property of fixed Cys locations. Class 
III subsumes metalloisopolypeptides containing gammaglutamyl-cysteinyl units 
resembling in their features proteinaceous MTs. 
As the number of MT sequences started to expand in the 90，s, this subdivision 
became inadequate. To differentiate the MTs better, a new classification system was 
proposed according to sequence similarities and phylogenetic relationships. A 
metallothionein superfamily is defined phenomenologically as comprising all 
polypeptides which resemble equine renal metallothionein in several of their features 
(Kagi and Kojima, 1979; Fowler, 1987). They include low molecular weight, high 
metal content, characteristic amino acid composition (high cysteine content, low 
content of aromatic amino acid residues), unique amino acid sequence with 
characteristic distribution of cysteine and spectroscopic manifestations characteristic 
of metal thiolate clusters. The newly proposed classification system then subdivides 
the MT superfamily into families, subfamilies, subgroups and isolated isoforms and 
alleles (Binz and Kagi, 1999). 
1.5 Biological roles of MT 
1.5.1 Homeostasis of essential transition metal ion 
MT is the major metal binding protein of zinc and copper in many tissues (Kagi 
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and Kojima, 1987) and plays an important part in homeostasis of these two essential 
elements (Bremner, 1987). The role of MT in zinc homeostasis has been studied by 
transgenic mice. A study which involved feeding transgenic mice overexpressing 
MT-I a zinc-deficient diet has shown that they are more resistant to zinc deficiency. It 
is thought that the larger pool of Zn-MT in the transgenic mice provides a 
biologically important labile pool of zinc during periods of zinc deficiency (Dalton et 
al, 1996). Overexpressing MT-I in transgenic mice attenuated both maternal and 
embryonic zinc deficiency (Lee et al., 2003). A MT-I/II knockout study also 
suggested that MT-I and MT-II can protect mice against zinc deficiency by providing 
a hepatic zinc reservoir, while at the same time, allow mice to accumulate enough 
zinc in pancreas to prevent the pancreatic acinar cell degeneration during overdose 
zinc toxication (Kelly et al., 1996). MT has been shown to release zinc upon various 
stimuli, and most prominent is the activation of the NO pathway (Maret 1995, 2003; 
Pearce et al., 2000; St Croix et al, 2002; Lee et al, 2003). Recent studies suggested 
that not only that the cytosolic MTs release zinc but MTs moved zinc in response to 
cellular signaling, into the nucleus and provide a targeted zinc pool to specific 
organelles (Spahl et al, 2003). 
MT is known to detoxify excessive copper, as in the case of copper 
accumulating in the livers of Wilson disease patients and Long-Evans rats with a 
cinnamon-like coat color (LEC rats) (Nartey et al, 1987; Suzuki et al, 1995; Kanno 
et al., 1994a, 1994b). It is also suggested that during copper deficiency, MT is able to 
sequester copper from degraded copper-containing enzymes and deliver it to copper 
chaperones to maintain the copper concentration in the liver (Suzuki et a!., 2001). 
Besides, MT can donate copper to Cu-Zn superoxide dismutase (Freedman and 
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Peisach, 1989; Freedman et al., 1989), implicating its role in homeostasis of other 
essential metals. 
1.5.2 Detoxification of non-essential heavy metal ion 
MT was originally discovered as a cadmium-binding protein (Margoshes and 
Vallee, 1957; Kagi and Vallee, 1961), and a later study showed that its expression 
level is increased after exposure to Cd^^ (Piscator, 1964). Therefore scientists 
speculated that MT may be involved in the intracellular detoxification of the 
non-essential metal ions. Other metal ions such as Cr^^, Cr^ "^ , Fe^^, Pb^^, Mn^^, Hg^^, 
•2+ 
Ni also increased MT tissue levels (Waalkes and Klaassen, 1985). Many additional 
studies showed that MT was important in reducing the toxicity of non-essential 
metals (Webb, 1972; Leber and Miya, 1976; Webb and Verschoyle, 1976; Probst et 
al., 1977; Goering and Klaassen, 1984; Yoshikawa, 1970). Knockout experiments of 
MT-null mice also suggested the protective role of MT against non-essential toxic 
metals, they were more vulnerable to cadmium-induced lethality, aberrant gene 
activations, liver injury, bone mass loss and bone injury than control mice 
(Michalska and Choo, 1993; Masters et al, 1994; Liu et al., 1995; Zheng et al., 1996; 
Habeebu et al, 2000a; 2000b). A study suggested that MT synthesis induced by zinc 
pretreatment offered a complete protection against the nephrotoxic effects of 
inorganic mercury (Zalups and Cherian, 1992). MT might also help to reduce the 
toxicity of chronic exposure of arsenic, as wild-type mice were less susceptible to 
arsenic-induced toxicity, with increased tissue MT concentrations (2 to 5 fold), than 
MT-null mice (Liu et al., 2000). 
Many toxic metals are able to displace Zn^^ from MT molecules as the relative 
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affinities for MT of these metals are higher than that of Zn^^ (Zn^^ < Cd^^ < Cu^^ < 
Hg2+) (Day et al, 1984, Funk et al, 1987). The displaced Zn^^ provided further 
stimulation for MT synthesis which, in turn, further reduces the toxicity of the 
displacing metal ion, e.g., Cd^^ (Waalkes and Goering, 1990; Sanders et al., 1996). 
1.5.3 Protection against oxidative stress 
Another function of MT in organisms is possibly related to oxidative stress. MT 
is thought to be a scavenger of electrophiles, alkylating agents and free radicals as it 
is cysteine-rich and contains a lot of thio groups (Klaassen and Cagen, 1981; Sato 
and Bremner, 1993). Hydroxyl radical is considered the most toxic reactive oxygen 
species (ROS) since it can attack and damage all macromolecules of the cell leading 
to protein oxidation, lipid peroxidation and DNA damage (reviewed in : Halliwell 
and Gutteridge, 1984; Toledano et al., 2003). It has been shown that MT can act as a 
scavenger for hydroxyl radicals and superoxide anion with its metal-thiolate clusters 
in vitro (Thornalley and Vasak, 1985; Thomas et al, 1986). MT was found to localize 
in nucleus and would protect DNA from hydroxyl radical attack caused by hydrogen 
peroxide (Chubatsu and Meneghini, 1993). It was postulated that the oxidation of 
thiolate clusters in MT and the concomitant release of Zn^^ was important in 
protection against oxidative stress (Maret, 1994; Maret and Vallee, 1998). Toxic 
metal ions such as Cd^^, Hg2+ and Pb^^ were also thought to lead to oxidative stress 
by binding and inhibition of specific enzymes involved in oxidative stress defense, 
depletion of free glutathione pools, and Fenton reactions (reviewed by Tamas et al, 
2005). 
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1.5.4 Role in neurodegenerative diseases 
A more recently discovered form of MT, MT-III, is the only brain-specific 
member of the MT family (Palmiter et aL, 1992). Both human and rodent brain 
contains MT-I, MT-II and MT-III (Ebadi et aL, 1995; Choudhuri et al., 1996a, 1996b). 
MTs expressed in the brain might be involved during the metal exposure and thought 
to play a role in neurodegenerative diseases, such as amyotrophic lateral sclerosis, 
Parkinson's disease and Alzheimer's disease (Ebadi et aL, 1995). Brain MTs are 
probably involved in homeostasis of essential metal ions in the brain (Aschner, 1996; 
Aschner et al., 1997; Hidalgo et aL, 1997) and protection against neurotoxic heavy 
metal compounds such as methyl-mercury. MT-III may also protect the central 
nervous system, where there is a continuous production of oxygen free-radicals and 
an abundance of molecules sensitive to oxidative attack, from oxidative damage. 
This may be due to the radical scavenging properties of MT or the release of Zn2+, 
which has antioxidant properties, from MT. Initial studies indicated that MT-III was 
reduced in the brains of Alzheimer's disease patients (Uchida et aL, 1991; Tsuji et al.’ 
1992). But later studies contradicted these early reports (Erickson et al., 1994; 
Aschner et al, 1997). However, MT-III has a clear inhibitory effect on neuronal 
survival. A role for MT-III in the control of neurite outgrowth after brain damage has 
also been suggested (Hidalgo et al, 1997). Transgenic M丁-Ill-null mice were found 
to be more susceptible to kainic acid-induced seizures and brain injury (Klaassen, et 
al., 1999). 
1.6 Molecular biology of MT 
1.6.1 MT gene structure 
In vertebrates, all MT genes share the same tripartite structure, which are 
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divided into a 5' flanking region (5' UT), a 5' untranslated region (5' UTR), 3 coding 
exons separated by 2 introns and a 3' flanking end (Fig. 2). The codon for the serine 
residue which separates the a and P domain is separated by the second and third 
exons in mammalian and other MT genes. Intron 2 occurs at the junction of the two 
domains so that the a domain contains eleven cysteines while the (3 domain contains 
nine. Mammals possess genes for four subfamilies, the ubiquitous MT-I and MT-II, 
the brain specific MT-III and the squamous epithelium specific MT-IV. All are 
located on a single chromosome, chromosome 8 in mouse and chromosome 16 in 
human (Quaife et al., 1994) (Fig. 2). For human, the 13 MT-I genes and one MT-II 
gene are linked in a region spanning 82.1 kb (West et al, 1990). But about half of the 
MT-I genes are nonfunctional pseudogenes or processed pseudogenes (Karin et aL, 
1984; Richards et al, 1984; Varshney and Gedamu, 1984). 
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Fig. 2 Structure of MT gene loci in mammals (Adapted from www.bioc.unizh.ch). 
The 5' end of MT gene usually contains a TATA box. Different cw-acting 
regulatory elements, which control MT gene transcription, are present in the MT 
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gene promoter (Hamer, 1986; Palmiter, 1987). A common motif of a GC-rich region 
is found in the MT gene of warm-blooded vertebrates and is a potential binding site 
for the specific protein-1 (Spl) transcription factor (Kadonaga et al., 1987; 
Harrington et al., 1988). The c/5-acting regulatory elements include metal responsive 
elements (MREs), glucocorticoid responsive elements, interferon responsive 
elements and antioxidant response elements, which regulate the expression of MT 
genes by metals, glucocorticoids, interferon and hydrogen peroxide, respectively. 
One or more copies of MRE present in the 5' UTR (Stuart et al, 1985) which acts as 
a binding target for the transcription activating protein factor (MTF-1) (Brugnera et 
al., 1994) regulating MT gene expression. 
The MRE sequence is a common motif present in the MT gene promoters of 
organisms from invertebrates to vertebrates. The MRE sequence consists of a highly 
conserved 7-bp core and consensus sequence (bold) surrounded by semiconserved 
flanking sequences: CTNTGCRCNCGGCCC (Westin and Schaffner, 1988). 
Multiple copies of MRE are always present in the MT-gene promoter and the 
differences in the basal activity of MREs seem to be determined by both the 
sequence of the MRE and its position in the promoter region (Samson and Gedamu, 
1998). For example, among the five putative MREs in the mouse MT-I promoter, 
MREd is the most potent one (Fig. 3) (Stuart et al, 1985), whereas in human MT-IIA 
promoter, MREa is the most active c/5-acting element (Koizumi et al, 1999). 
1.6.2 MT gene regulation 
For the two major isoforms of MT, MT-I and MT-II, their expression is highly 
inducible by a variety of metal ions and other agents (Onosaka and Cherian, 1981, 
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1982; Waalkes and Klaassen，1984; Waalkes and Goering, 1990; Kagi, 1991，1993; 
Cherian and Chan, 1993; Vallee, 1995; Moffatt and Denizeau, 1997). Among those 
metals, Cd^^ and Zn^^ are the best inducer of MT gene expression. The efficacy of 
induction of MT by different metal ions in mouse hepatoma cell line was studied and 
found to be in the following descending order: 
Cd � A g � H g > Z n � C u > Ni � C o � B i (Durnam and Palmiter, 1984) 
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Fig. 3 Analysis of MRE function in a tk promoter. A diagram of the HSV tk 
linker-scanning mutant into which the MRE sequences including mouse MT-I MREs 
(a to e), modified mouse MT-I MREd (d，）without the introduction of Spl site by 
BglU site, synthetic human MT-II A MRE (h) were inserted is shown at the top. 
Relative expression measured by transient transfection of these constructs into BHK 
cells is shown below. Open bars represent Zn-induced activities; solid bars are 
uninduced activities. A tk mutant with wild-type expression levels is also shown for 
comparison (wt tk). Results suggested that the MREd in mouse MT-I promoter (d，） 
was the strongest in response to Zxf^ (Stuart et al.’ 1985). 
MT gene expression is also induced by a multitude of nonmetallic agents, including a 
wide variety of hormones, pharmaceuticals, vitamins, alcohols, cytokines, antibiotics 
and other diverse chemical and physical treatments (Table 1). 
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Metal responsive elements (MREs) are located in the 5' UTR of the MT gene 
(Andersen et al, 1987) and it has been suggested that a transcription factor bind to 
the MRE in the MT promoter in the presence of metal ions and subsequently 
dissociates when the metal ions are removed, thus controlling the induction of MT 
gene expression (Andersen et cd., 1987). Also, it has been shown that the 
transcription-activating protein factor binds to the MRE (Brugnera et aL, 1994; 
Palmiter, 1994). There are several proposed models for the regulation of MT gene 
transcription by heavy metal ions. First, it is the allosteric model proposed by 
Heuchel et al., 1995 (Fig. 4). In this model, increase in the concentration of 
intracellular Zn^^ ions would activate the nuclear translocation and binding of MRE 
binding transcription factor-1 (MTF-1) with MREs in the MT promoter. The 
2+ 
activation is likely due to the Zn ion binding with the zinc-finger of MTF-1 (Dalton 
et al., 1997). The MTF-1 bound to MRE would act in a cooperative fashion to cause 
a higher transcription rate of MT genes. 
The second proposed model is the MTF-1 inhibitor model (Fig. 4) (Heuchel et 
al., 1995; Palmiter, 1995). It suggests that MTF-1 originally complexes with an 
inhibitor in uninduced conditions. Increase in Zn^^ ions concentration provokes the 
disruption of the complex. This releases the MTF-1 from its inhibitor and MTF-1 
translocates into nucleus to stimulate the transcription of MT gene. This 
transcriptional increase results in an increased synthesis of apoMT. The apoMT then 
binds excess Zn^ "^  ions and effectively reduces the free Zn2+ ions concentration. This 
allows the MTF-1 inhibitor complex to reform and this removes the stimulation of 
gene transcription and the transcription level returns to uninduced background levels. 
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Table 1 Examples of treatments that induce metal lothionein synthesis (modified 
f rom Waalkes and Goer ing, 1990). 
Metals: Glucocorticoids 
Cd, Zn, Hg, Cu, Bi, As, etc Indomethacin 
Insulin 
Chemical agents: Interferon-a, -y 
Acetaminophen Interleukin-1, -6 
Adriamycin Paraquat 
Angiotensin II Phorbol esters 
Ascorbic acid 2-Propanol 
Azacytidine Progesterone 
Bromobenzene Retinoic acid 
Butyric acid Streptozotocin 
Calmodulin inhibitors Tert-butylhydroquinone 
Carbon tetrachloride Tumor necrosis factor 
Carrageenan Urethane 
Catecholamines 
Chloroform Stress-producing conditions: 
Chlorpromazine Food deprivation 
Cisplatin Hypothermia 
Cyproterone acetate Infection 
Dextran Inflammation 
Di(ethylhexyl)phthalate Oxidative stress 
Endotoxin UV irradiation 
Estradiol X-ray irradiation 
Ethanol 
Ethionine Surgical procedures: 
Formaldehyde Partial hepatectomy 
Glucagon Unilateral nephrectomy 
The third possible mode l describing the M T gene regula t ion is the coactivator 
mode l (Fig. 4) (Heuchel et al, 1995). It suggests that M T F - 1 wou ld interact with an 
unident i f ied coact ivator when the intracellular Zn^"^ ions concentrat ion increases. The 
MTF-1 is then act ivated to bind with the M R E in the M T promoter to br ing about the 
M T gene transcript ion. 
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Fig. 4 Possible models for metal-induced MT gene transcription. These models 
described the regulation of MT gene transcription by Zn^ "^  involved an allosteric 
regulation, a Zn^'^-sensitive MTF-1 inhibitor, co-activator or a repressor respectively 
(Modified from Heuchel et al, 1995). 
Finally, the fourth model suggested that a repressor is bound to the MT 
promoter, making it inaccessible to MTF-1. In this DNA suppressor model (Fig. 4) 
(Heuchel et al, 1995), increase in intracellular Zn^ "^  ions concentration would cause 
the repressor, which has an affinity for Zn^^ ions, to dissociate with the MT promoter. 
MTF-1 is therefore able to bind with the MRE for MT gene transcription. 
All the above models only explain the induction of MT gene expression by Zn^^ 
ions. Apart from Zn^^, a variety of metal ions and non-Zn^"^ stressors is known to be 
able to induce MT gene expression, e.g., Cd . However, none of them can substitute 
for Zn2+ in a cell-free DNA binding reaction of MTF-1 (Heuchel et al, 1994). Bittel 
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et al. (1998) demonstrated in human and mouse cell cultures that the DNA binding 
activity of MTF-1 with MREs is only activated by zinc but not by other transition 
metals such as Cd , in vivo and in vitro (Fig. 5). How these heavy metal ions 
activate the MT gene transcription has been suggested by different research groups 
(Palmiter, 1995; Heuchel et aL, 1995; Roesijadi, 1996). As heavy metal ions like 
n I I 
Cd and Hg have a higher affinity to MT and other zinc-binding protein, it is 
thought that the most likely scenario is replacement of Zn^^ by these other heavy 
metal ions in cellular and/or extracellular zinc-storage proteins, leading to 
concomitant activation of MTF-1 by the released Zn^^, which further activates the 
MT gene transcription (Fig. 6). 
Metal ions are also known to be involved in the production of reactive oxygen 
species (ROS) (Stohs and Bagchi, 1995). The ROS produced are able to oxidize the 
. 
glutathione and cause the release of Zn ions from MT (Maret, 1995). This may also 
describe how heavy metal ions apart from Zn^^ can induce MT gene transcription. 
In addition, MTF-1 can be phosphorylated upon metal induction, as a result of 
the activation of a complex kinase signalling transduction pathway (Fig. 7) which 
includes protein kinase C (PKC), phosphoinositol-3 kinase (PI3K), c-Jun N-terminal 
kinase (JNK) and a tyrosine-specific kinase (TyrK) (LaRochelle et al” 2001). This 
suggests that metal ions such as Cd^^ could also activate MTF-1 and MT gene 
transcription by stimulating kinases. Protein motif analyses have shown that the four 
characterized MTF-ls from different species possess several evolutionary conserved, 
potential phosphorylation sites (Hofmann et aL, 1999). The serine/threonine-rich 
2 6 
Lane 1 2 3 4 5 6 7 8 
Hepa r X ) r T ' i r T " Y ~ 1 厂 
Hda r ~ ‘ — … — — - X x""" 
Cd X X X " X 
Zn X X 
Hrs I 1 I 1 1 4 I I 1 I 1 I 4 " 
i | | i l i | | 
國崖國 
Fig. 5 In vivo activation of MTF-1 DNA binding activity in mouse Hepa and 
human HeLa cells by Zn^^ (Lane 2 and 6)，but not by Cd^^(Lane 3, 4，7 and 8). 
Whole cell extracts were prepared from cells that had been incubated for 1 or 4 h, as 
indicated, in medium containing 60 mM zinc or 6 mM cadmium. The specific 
complexes are indicated by arrows. MTF-1 binding activity was low, but detectable, 
in untreated Hepa and HeLa cells, and increased 15- and 6-fold, respectively, after 
zinc treatment, but less than 2-fold in response to cadmium (Bittel et al, 1998). 
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Fig. 6 Model for MTF-1 activation by Cu2+ via Zn^^-loaded 
metallothionein (Znv-MT). Cd^^ and Cu2+ bind to metallothionein (MT) with a 
much higher affinity than Zn^^, but due to the great abundance of the latter, the 
majority of MT under physiological conditions is present as Zny-MT. Upon Cd^^ or 
Cu + loading, Zn^ "^  is released from metallothionein and presumably from other 
cellular proteins and allows Zn2+ saturation of MTF-1 and activation of MT gene 
transcription. 
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Fig. 7 Model for regulation of MTF-1 activity and MT gene expression by a 
metal-regulated protein kinase signal transduction cascade under basal and 
metal-induced conditions. Under normal physiological conditions, Zn^^ and Cd，. 
ions would enter the cell and be metabolized through a variety of metalloproteins and 
enzymes, including MT. In control (basal) cells, there is presumably enough 
endogenous Zn^^ to promote the transport of some MTF-1 into the nucleus and cause 
its activation and MRE-binding configuration. In this model, the activity of MTFK, 
and ultimately the transcriptional activity of MTF-1, is controlled by a kinase 
transduction cascade involving a TyrK, PI3K, PKC, and JNK. The precise order in 
which each kinase is positioned in the cascade is still unknown. It is also possible 
that multiple pathways converge on MTF-1 at the same time and that more than one 
kinase can directly phosphorylate MTF-1 in response to metal ions. Because JNK 
and PKC can directly phosphorylate and activate transcription factors, one or both 
may correspond to MTFK. Cd and other metal ions would activate MTF-1 and 
induce MT gene expression by stimulating one or several kinases in the MTF-1 
kinase pathway. 
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domain at the C-terminal of MTF-1 is also a possible phosphorylation site (Radtke 
etal, 1995). Also, the addition of activators or inhibitors of these signal transduction 
cascades increases or attenuate the MT mRNA expression level respectively (Kelly et 
al.’ 1997; Laychock et al., 2000; Yu et al.’ 1997; LaRochelle et al., 2001). Studies 
have shown that metals and other environmental stressors (e.g., oxidative stress) are 
able to modulate the activity of intracellular signal transduction cascades (Whisler et 
al., 1995; Beyersmann and Hechtenberg, 1997; Karin, 1998; Stohs et al, 2000). 
1.7 MRE binding transcription factor-1 (MTF-1) 
MTF-1 was initially characterized in mice {Mus musculus) as a zinc-responsive 
activator of MT gene (MT-I and MT-II) transcription (Westin and Schaffner, 1998; 
Heuchel et al., 1994). The cDNA of MTF-1 was first cloned in mice (Radtke et al., 
1993) and later in human (Brugnera et al； 1994)，Japanese pufferfish {Fugu rubripes) 
(Auf der Maur et al., 1999), zebrafish {Danio rerio) (Chen et al.’ 2002)，tilapia 
{Oreochromis aureus x Oreochromis niloticus) (Cheung and Chan, unpublished) and 
fmitfly {Drosophila melanogaster) (Egli et al, 2003). MTF-1 is the trans-diC(m% 
element which binds with Zn^^ and MRE in the MT promoter for induction of MT 
gene transcription. The structure of MTF-1 is highly conserved among different 
species. MTF-1 is a zinc finger transcription factor which has the size of around 80 
kDa. Each MTF-1 protein possesses six Cys2-His2 zinc finger DNA binding domains 
and three transactivation domains (Brugnera et al., 1994; Radtke et al, 1995). The 
three transactivation domains include the acidic-rich region, proline-rich region and 
the serine/threonein-rich region (Fig. 8). Deletion analysis of MTF-1 suggested that 
interactions among all of the domains are required for metal-inducible transcription 
and each of the transactivation domains possesses distinct properties in 
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transcriptional activation (Radtke et al., 1995). 
serine / 
proline- threonine-
acicBc rich rich 
zinc finger domains region region region 
MTF-1 protein I _ _ _ i i i ^ m S I 
Fig. 8 Schematic drawing of MTF-1. MTF-1 contains six zinc fingers of the 
C2H2-type as a DNA-binding domain and at least three distinct domains responsible 
for transcriptional activation. 
1.8 Activation of MTF-1 
In resting cells, most MTF-1 localises to the cytoplasm while the addition of 
Zn or Cd results in translocation of MTF-1 from the cytoplasm to the nucleus 
(Smirnova et aL, 2000; Say dam et al., 2001). When zinc concentrations are returned 
to normal level, redistribution to the cytoplasm depends on the presence of a nuclear 
export signal in the C-terminal domain. MTF-1 binding activity is found to be 
reversibly modulated by Zr?^ (Okajima et al, 1993; Heuchel et al, 1994; Otsuka et 
al., 1994; Dalton et al., 1997), that is, the binding is lost when Zn^ "^  concentration is 
low but is restored by a higher concentration of Zn^^. 
The six zinc fingers of MTF-1 have been shown to possess different affinities 
for Zn2+ and it is believed that some of them only become occupied when Zn^^ 
concentrations are high (Chen et cd., 1998, 1999). While it is reported that all the six 
zinc fingers are required for maximal DNA-binding affinity (Westin and Schaffner, 
1988; Heuchel et al., 1994), full activation of MTF-1 is only achieved in zinc-replete 
conditions. Finally, it is proposed that post-translational modification may play a role 
� in the activity of MTF-1, such as phosphorylation (Bittel et al, 1998; Yu et al, 1997; 
LaRochelle et al” 2001; Saydam et aL, 2002). Studies by LaRochelle et al. (2001) 
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have shown that several kinase inhibitors attenuates the MT mRNA level induced by 
metal ions, but have little effect on either the subcellular localization or DNA binding. 
This suggested that phosphorylation was believed to mainly affect the transactivation 
ability of MTF-1, and the serine/threonine-rich region of MTF-1 is a possible site of 
phosphorylation (Radtke et aL, 1995). 
1.9 Target genes of MTF-1 
It is shown that MTF-1 is essential for basal and heavy metal-induced 
transcriptional activation of MT-I and MT-II genes in cultured cells (Heuchel et al, 
1994). Also, knockout of MTF-1 in Drosophila by Egli et al (2003) showed that 
Drosophila was more sensitive to heavy metal loads and their basal expression levels 
of MTs are strongly reduced. In mice, the double knockout of MT-I and MT-II genes 
was viable while the knockout of their transcription factor MTF-1 was lethal due to 
liver degeneration (Gunes et al, 1998). This observation suggested that MTF-1 
might be responsible for the transcription of important genes other than those 
encoding MTs. 
The first of these genes is the heavy-chain subunit of y-glutamyl cysteine 
synthetase (y-GCShc), which is a key enzyme in glutathione synthesis. MREs have 
been described in the promoter of this gene and were found to exhibit binding with 
MTF-1 (Giines et al., 1998). y-GCS is the first and the rate-limiting enzyme in the 
biosynthesis of the GSH de novo pathway. y-GCS is an essential enzyme (Maellaro 
et al” 1990; Meister, 1995). 
Another target gene of MTF-1 found is the gene encoding a-fetoprotein (AFP). 
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It is the major embryonic protein responsible for maintenance of the colloid osmotic 
pressure. Its down-regulation in MTF-1 null mice therefore explains their phenotype 
of edema and disseminated bleeding (Gunes et al., 1998). It has been shown that AFP 
influences developmental processes, interacts with growth factors and the apoptotic 
signaling cascade (Mizejewski, 1997). MTF-1 is also suspected to regulate the liver 
enriched transcription factor CCAAT/enhancer binding protein a (C/EBPa), which is 
involved in maintenance of the differentiated, non-proliferating state of liver and 
other cells such as adipocytes. It has been shown that C/EBPa prevents proliferation 
of hepatocytes in mice by inducing a high level of the anti-proliferative protein p21 
(Timchenko et al., 1997). 
Also, the expression of tear lipocalin or von Ebner's gland protein might be 
regulated by MTF-1. This protein is able to bind a number of lipophilic compounds 
(Redl et al., 1992; Glasgow et al, 1995) and potentially toxic molecules. It also 
inhibits cysteine proteases, plays a role in inflammatory processes and may be part of 
a general defense against infectious agents (Holzfeind et al, 1996; van't Hoff et al., 
1997). Other studies have suggested the role of MTF-1 in the expression regulation 
of zinc transporter-1 (ZnT-1) (Palmiter and Findley, 1995; Giines et al., 1998; 
Langmade et al., 2000). MREs were found to be present in the upstream regulatory 
sequence of these potential target genes of MTF-1 (Lichtlen et al, 2001). 
1.10 Fish MT gene and MTF-1 
Among the 58808 species of vertebrates that have been described, the various 
fish groups account for more than half of the known vertebrates. There are at least 
29900 known species of fish, of which over 29000 are teleosts (bony fish) (Froese 
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and Pauly, 2007). Fish are abundant in the sea and in fresh water, with species being 
known from mountain streams (e.g., char and gudgeon) as well as in the deepest 
depths of the ocean (e.g., gulpers and anglerfish). As the environments inhabited by 
fish are highly variable, they must be able to withstand drastic changes in water 
temperature, oxygen concentrations and salinity level. Fish have developed 
regulatory systems for their adaptation, including the control of trace metal 
metabolism. However, besides natural fluctuation, industrial activities and accidents 
have caused the serious problem of toxic heavy metals pollution in the aquatic 
environment. While fish are the most affected target of aquatic heavy metals 
pollution, fish MTs have become particular interesting for study as it is the main 
cellular heavy metal binding protein. 
MT cDNAs have been cloned from a number of different teleost species, 
including rainbow trout (Bonham et al, 1987; Zafarullah et al, 1988), winter 
flounder (Chan et al., 1989), stone loach (Kille et al., 1991), pike (Kille et al, 1991), 
goldfish (Chan, 1994)，tilapia (Chan, 1994)，cod (McNamara and Buckley, 1994), 
icefish (Carginale et al., 1998), common carp (Chan et a!” 2004), ayu (Lin et al., 
2004), etc. 
All teleost MTs are class I MT and contain 60 amino acids, except fish MTs like 
rainbow trout MT-A and ayu MT which have an additional amino acid inserted in the 
flexible hinge. The alignment of teleost MT amino acid sequences (Fig. 9) shows the 
conservation of cysteine residues, implying the same metal-binding characteristics 
among them as Class I MTs. 
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Winter Flounder MT(1) MDPCECSKTGTCNCGGSCTCKNCSCTTCTK SCCPCCPSGCPKCASGCVCKGKTCDTTCCQ 
Rainbow Trout MT-A (2) MDPCECSKTGSCNCGGSCKCSNCACTSCKKASCCDCCPSGCSKCASGCVCKGKTCDTSCCQ 
Rainbow Trout MT-B (3) MDPCECSKTGSCNCGGSCKCSNCACTSCKK SCCPCCPSDCSKCASGCVCKGKTCDTSCCQ 
Stone Loach MT(4) MDPCDCSKTGTCNCGATCKCTNCQCTTCKK SCCSCCPSGCSKCASGCVCKGNSCDSSCCQ 
Pike MT (4) MDPCECSKTGSCNCGGSCKCSNCACTSCKK SCCSCCPSGCSKCASGCICKGKTCDTSCCQ 
Goldfish MT (5) MDPCECAKTGACNCGATCKCTNCQCTTCKK SCCFCCPSGCSKCASGCVCNGNSCGSSCCQ 
Tilapia MT (5) MDPCECAKTGTCNCGGSCSCTKCSCKSCKK SCCDCCPSGCSKCASGCVCKGKTCDTSCCQ 
Common Carp MT (6) MDPCDCAKTGTCNCGATCKCTNCQCKTCKK SCCPCCPSGCSKCASGCVCKGNSCGSSCCQ 
Zebrafish MT-1 (7) MDPCECAKTGACNCGATCKCTNCQCTTCKK SCCSCCPSGCSKCASGCVCKGNSCGTSCCQ 
Zebrafish MT-2 (8) MDPCECAKTGTCNCGATCKCTNCQCTTCKK SCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 
Cod MT (9) MDPCDCAKTGTCNCGTSCTCANCSCTKCKK SCCECCPSGCSKCASGCACKDKTCDTNCCQ 
Icefish MT (10) MDPCDCSKSGTCNCGGSCTCTNCSCTSCKK SCCPCCPSGCTKCASGCVCKGKTCDTSCCQ 
Ayu MT(ll) MDPCECSKTGSCNCGGNCSCTNCACTSCKKTSCCSCCPAGCSKCASGCVCKGKTCDKTCCQ 
Consensus M D P C - C - K - G - C N C G ~ C - C - - C - C - - C - K - S C C - C C P C - K C A S G C - C C——CCQ 
Fig. 9 Alignment of teleost MT amino acid sequences (1) Chan et al, 1989; (2) 
Bonham gr al, 1987; (3) Zafarullah et al, 1988; (4) Kille et al., 1991; (5) Chan, 1994; 
(6) Chan et al, 2004; (7) Chen et aL, 2004; (8) Yan and Chan, 2004; (9) McNamara 
and Buckley, 1994; (10) Carginale et al, 1998; (11) Lin et cd., 2004. 
Fish MT genes show a resemblance with their mammalian counterpart. They 
show a tripartite structure of the MT gene, conservation of cysteine residues and a 
TATA box and multiple copies of MREs in the regulator region of MT gene. Similar 
to mammalian MTs, teleost MTs are found to be inducible by heavy metal ions such 
as Cd2+, Cu2+，Hg2+, Pb2+ and Zn^^ in vivo and in vitro (Chan et cd., 1989; Gagne et 
al., 1990; Hogstrand et al, 1989; Hyllner et al, 1989; Misra et al., 1989; Norey et al., 
1990; Olsson et al., 1989; Zafarullah et al., 1989). But in teleosts, Zn^^ was found to 
the most powerful inducer, followed by CcP— and then Cu^^ (Zafarullah et al, 1989). 
In flounder, Cd^ "^  appears to be stronger inducer of MT mRNA than Hg2+, Pb^^ and 
Cu2+ (Chan et al” 1989). Time course studies have also shown that the in vitro MT 
induction in fish is slower in mammals (Sadhu and Gedamum, 1988; Yagle and 
Palmiter, 1985; Zafarullah et al., 1989; Zafarullah et al.’ 1990). In rainbow trout 
RTH-149 cells, the MT mRNA induction was apparent in 3-6 hours after zinc 
treatment (Zafarullah et al., 1989; Zafarullah et al, 1990)，while rapid MT induction 
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was observed within 1 hour of zinc treatment in HepG2 cells (Sadhu and Gedamu, 
1988). Furthermore, the MT induction in fish cell-lines reached maximum in about 
96-144 hours (Zafarullah et al,, 1990) in contrast to 6-12 hours in mammalian 
cell-lines (Yagle and Palmiter, 1985). The differences might be related to temperature 
dependence of MT induction, as studies have shown that the MT levels in primary 
cultures of rainbow trout hepatocytes held at 6�C was apparent after 8 days of Zn^^ 
exposure, compared with 4 days after Zn^^ exposure when cells were kept at 9°C 
(Hyllner et aL, 1989; Olsson et al., 1990). 
The distribution and inducibility of MT could be varied among different tissues. 
Studies of arctic char (Salvelinus alpinus) revealed the highest basal MT mRNA 
levels in the liver and gonads. Intermediate levels of MT mRNA were observed in 
kidney, brain, heart, eyes and blood cells while stomach, small intestine and large 
intestine contained low levels of MT mRNA (Gerpe et al.，1997). High levels of MT 
mRNA in immature gonads are consistent with previous studies in rainbow trout 
(Olsson et al., 1990). However, the MT mRNA levels did not reflect the MT levels in 
these tissues since the MT levels in stomach and intestine were the highest among all 
studied tissues (Olsson et al., 1999). 
MT gene expression also depends on the developmental and sexual status of 
fish. Olsson et al. (1990) showed that MT mRNA level in rainbow trout increased 
during gastrulation and then peak at hatch, during which most of the MT bound with 
copper and zinc. Also, it has been shown that the hepatic MT mRNA and MT levels 
are low during the period of vitellogenin synthesis in female rainbow trout (Olsson et 
al.’ 1987). It is suggested that zinc is sequestered as co-factor in the transcriptional 
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and translational machinery needed for vitellogenin production, leading to the 
reduction in free metal ions and thereby down regulation of MT mRNA synthesis. 
Once the period of vitellogenesis is over, a redistribution of zinc causes an induction 
of MT mRNA and a concomitant increase in MT levels. Fish are found to be more 
sensitive to metal exposure during the period of vitellogenin production (Olsson et 
al., 1987; Povlsen et al., 1990). 
In teleosts, MT gene promoters from rainbow trout (Zafamllah et al, 1988; 
Olsson et al； 1995), sockeye salmon (Chan and Devlin, 1993), pike (Kille et al., 
1993), stone loach (Kille et al., 1993)，icefish (Scudiero et al., 2001), zebrafish MT-II 
(Yan and Chan, 2002, 2004; Chen et al, 2004), common carp MT-I (Chan et al, 
2004), crucian carp MT-I (He et cd., 2007) and MT-II (Ren et al., 2006), and tilapia 
(Cheung et al., 2005) have been reported to contain multiple MREs for maximum 
gene activity. The MREs in these teleost MT promoters are divided into two 
clusters with 2 to 3 MREs located within 300 bp of the TATA box and additional 
MREs found in the further upstream distal region to form another cluster in the 
promoters of fish MT genes (Fig. 10). 
Apart from MREs, activator protein-1 (API) elements are also common in 
teleost MT gene promoter. In rainbow trout, multiple API elements are found and 
transfection experiments have shown that these API elements mediate free radical 
response of the MT gene (Olsson et al., 1995). Specific protein-1 (Spl) elements are 
also determined in trout, carp, zebrafish and icefish MT gene promoters (Olsson et 
al., 1995; Chan et al, 2004; Yan and Chan, 2004; Scudiero et cd., 2001). However, 
the physiological significance of Spl remains unknown. Other c/5-acting elements 
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such as antioxidant-responsive element (ARE), glucocorticoid responsive element 
(GRE), nuclear factor-interleukin 6 (NF-IL6) have been identified in fish MT gene 
promoters (Kille et cd., 1993; Olsson et al., 1995; Samson et al., 2001; Chan et al, 
2004). They are speculated to be responsible for oxidative stress and other stresses. 
transcription 
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Fig. 10 Schematic representation of the location of putative cw-acting regulatory 
elements in relation to the transcription start site from teleost and human MT 
gene promoters API: Activator protein 1; MRE: Metal Responsive Element; 
NF-IL6: nuclear factor-Interleukin 6; Spl: Specific protein 1; GRE: glucocorticoid 
response element. (Zafarullah, et al., 1988; Samson, et al, 2001; Kille, et al, 1993; 
Chan, 1996; Yan and Chan, 2002; Scudiero, et al, 2001; Culotta, et al., 1989). 
Teleost MTF-1 amino acid sequences have been determined in Japanese 
pufferfish (Fugu rubripes) (Auf der Maur et al., 1999), zebrafish (Danio rerio) (Chen 
et aL, 2002) and tilapia {Oreochromis aureus x Oreochromis niloticus) (Cheung and 
Chan, unpublished). Similar to mammalian MTF-1, the three teleost MTF-1 are 
highly conserved with six Cys2-His2 zinc finger DNA binding domains and 
transactivation domain comprised of a series of three putative distinct activation 
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domains, including an acidic-, a proline- and a serine/threonine-rich regions. 
The DNA binding activity of zebrafish and rainbow trout MTF-1 were studied 
(Dalton et al., 2000). The zebrafish MTF-1 exhibits similar MRE binding 
characteristics as mammalian MTF-1 that its binding with MRE is activated and 
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reversibly modulated by Zn treatment. However, MTF-1 exists as two isoforms 
(MTF-1 H and MTF-1 L) in trout cells (Fig. 11), both binding with MRE can be 
induced by Zn^ "^  while the two isoforms differ from each other by their dependence 
on temperature for Zn^^ exchange. It is also found that tilapia contain two forms of 
MTF-1 (MTF-1 L and MTF-IS) (Cheung, 2003). The MTF-1 L in tilapia is similar to 
mammalian MTF-1 in structure while MTF-1 S possesses only five Cys2-His2 zinc 
fingers but not any putative transactivation domains. Co-transfection experiments 
showed that MTF-1 L raised MT promoter activity in HepG2 cells. On the contrary, 
MTF-IS seems to reduce the MT promoter activity (Cheung and Chan, unpublished 
data). 
Chen et al. (2002) have studied the expression pattern of MTF-1 during 
embryonic and early larval stage of zebrafish. It has been shown by in situ 
hybridization that MTF-1 is expressing ectopically in the nervous system, suggesting 
its possible role in neural differentiation during these developmental stages. 
1.11 Tilapia 
Tilapia (Fig. 12) inhabit a variety of fresh and, less commonly, brackish water 
habitats from shallow streams and ponds through to rivers, lakes, and estuaries. Most 
tilapia are omnivorous and they ingest a wide variety of natural food organisms, 
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including plankton, some aquatic macrophytes, planktonic and benthic aquatic 
invertebrates, larval fish, detritus, and decomposing organic matter (De Silva et al., 
1984; Trewevas, 1983). 
RTH149 ZEM2S 
X X MRE 
X X SP1 
I X I I X MREm 
MTF-1 H ^ -
MTF-1 L ^ ^ m W ^ ^ ^ _ ^ 2MTF-1 
I . 
IIIIIIH 
Fig. 11 Oligonucleotide competition analysis of the binding of fish transcription 
factors. Two forms of rainbow trout MTF-1 (MTF-1 H and MTF-1 L) in RTH149 
cells and zebrafish MTF-1 in ZEM2S were identified in this experiment (Adapted 
from Dalton et al, 2000). 
Fig. 12 Oreochromis aureus (http://www.miami-aquaculture.com) 
4 0 
Tilapia are more tolerant than most commonly farmed freshwater fish to high 
salinity, high water temperature, low dissolved oxygen, and high ammonia 
concentrations. Tilapia show optimal growth at temperatures ranging from 22 to 29 
°C and are quite sensitive to cold (Mires, 1995). They will not survive when exposed 
to temperatures below 13°C for more than a few days. Tilapia tolerates poor water 
quality and is more resistant to viral, bacterial and parasitic diseases than other fish 
species. They are also found to be able to survive in pH ranging from 6 to 9 and 
acute low dissolved oxygen concentrations of 1 mg/L (Trewevas, 1983). These 
attributes, along with relatively low input costs, fast growth and favourable white 
flesh, have made tilapia the most widely cultured freshwater fish in tropical and 
subtropical countries. 
1.12 Study of tilapia MT 
A few studies of tilapia MT have been reported. The complementary DNA 
(cDNA) sequence of tilapia MT was first cloned by reverse transcription-polymerase 
chain reaction (RT-PCR), using oligonucleotides derived from the conserved region 
at the N-terminal of flounder and trout MT amino acid sequences (Chan, 1994) (Fig. 
13). Zn2+ was also found to give a significant induction of hepatic MT mRNA in 
tilapia in the same study (Chan, 1994). Later, another study has purified a cadmium 
inducible metallothionein in tilapia liver by high performance liquid chromatography 
(HPLC), which showed over 90% similarity between amino acid and nucleic acid 
sequences (Wu et al., 1999). From the amino acid sequence of tilapia MT (Chan, 
1994), it has a lysine at position 26 instead of threonine, which is common in fish 
� MT-I gene (Bargelloni et al, 1999). This suggests that tilapia MT belonged to the 
MT-I isoform. 
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Due to their wide distribution in the tropical and subtropical areas, tilapia is 
often used as a model in environmental biomonitoring as a biomarker of metal 
exposure. Studies on the feasibility of using tilapia MT as a biomarker for heavy 
metal exposure were performed. Lam et al. (1998) found significant increase and a 
dose-response relationship of MT mRNA in gill and liver of juvenile tilapia exposed 
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to sublethal concentrations of Cu and Zn . This suggested tilapia MT to be a 
potential biomarker for monitoring metal pollution in aquatic habitat (Lam et al., 
1998). Tilapia exposed to coastal sediments collected from different locations in 
Hong Kong was studied also (Wong et al； 2000). The results suggested measurement 
of tilapia MT might be able to detect and differentiate sediment with different levels 
of heavy metal contaminations (Wong et al, 2000). 
Met Asp Pro Cys Glu Cys Ala Lys Thr Gly Thr Cys Asn Cys 
1 ATG GAT CCG TGC GAA TGC GCC AAG ACT GGA ACC TGC AAC TGC 
Gly Gly Ser Cys Ser Cys Thr Lys Cys Ser Cys Lys Ser Cys 
43 GGA GGA TCC TGC TCG TGC ACT AAG TGC TCC TGC AAG AGC TGC 
Lys Lys Ser Cys Cys Asp Cys Cys Pro Ser Gly Cys Ser Lys 
85 AAG AAG AGC TGC TGC GAC TGC TGC CCA TCC GGC TGC AGC AAA 
Cys Ala Ser Gly Cys Val Cys Lys Gly Lys Thr Cys Asp Thr 
127 TGC GCC TCC GGC TGC GTG TGC AAA GGA AAG ACA TGC GAC ACC 
Ser Cys Cys Gin End 
169 AGC TGC TGC CAG TGAggagtctgcagcatcagctctctgctgcaattatgga 
221 gtctttatttgccactaatcatgaatttgcacatgtccagaaatgataacgaatga 
277 ttttgtacttgtgtttgaaataaacatgtttgttgacgctai7 
Fig. 13 Nucleotide sequence of tilapia {Oreochromis mossambicus) MT cDNA 
(Chan, 1994). The complete coding region of a cloned MT cDNA is shown. 
Lower-case letters are used to denote the untranslated region; the last "a" represents 
the first of 17A residues. 
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1.13 Aims and rationale of study 
Heavy metal ions exist ubiquitously in aquatic habitat and sometimes, they are 
input by environmental pollution. Among animal species, fish are the inhabitants that 
cannot escape the detrimental effects of these heavy metal ions. Fish therefore are 
often used as model organisms in the study of mechanisms underlying cellular 
responses to toxicological insults. Studies have shown that MT gene expression is 
induced in fish by heavy metal ions including Cd^^, Cu^^, Hg2+, Zn^^, etc (Cosson, 
1994; Pedrajas et a!,, 1995; Schlenk et al., 1997; Castano et al., 1998). But apart 
from Zn , how other heavy metal ions regulate MT gene expression is not well 
known. Study of MT gene promoter and its transcription factors is of particular 
important in investigating the underlying mechanism. Tilapia, as a pollutant resistant 
fish species, is a suitable model for the study of MT gene regulation. 
Tilapia, as a pollutant resistant fish species, is a suitable model for the study of 
MT gene regulation. Tilapia is also a useful model fish species for 
eco-toxicological studies and hepatic MT level could be a biomarker of exposure to 
metal ions in waters of Hong Kong, China, and Southeast Asian countries (Chan, 
1994; Cheung et al., 2004, 2005; Lam et al., 1998; Wong et a!； 2000). 
A single form of MT was purified on ion-exchange DEAE Sephadex A25 
column; its protein expression levels at larval stages and induction by Cd^^ were 
studied (Wu et a l , 1999，2000, 2007). Cheung (2003) studied tilapia MT gene 
regulation by characterization of tilapia MT gene promoter in PLHC-1 cells and 
HepG2 cells, investigation of tilapia MT mRNA level in different tissues after metal 
administration and the cloning of tilapia MTF-1. Four putative MREs were identified 
in tilapia MT gene promoter but reporter assay revealed that the promoter was 
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responsive to Zn^ "^  but other metal ions, e.g., Cu^^, gave a poor induction of promoter 
activity, despite a strong induction of mRNA level after in vivo treatment of any of 
the metal ions tested. The promoter characterization was performed in dessert 
topminnow fish liver cell-line instead of cells from tilapia tissues. Also, the DNA 
binding properties of tilapia MTF-1 was not studied. Further studies on tilapia MT 
promoter and MTF-1 would be useful for a better understanding of metallothionein 
gene regulation in tilapia. 
The present study will be performed in the following approaches: 
1. to obtain further upstream MT gene promoter region from Oreochromis 
aureus', 
2 . to determine the median effective concentrations ( E C 5 0 ) of heavy metal ions 
on Hepa-Tl cell-line for further studies of MT genes using the cell-line as a 
model; 
3. to characterize the MT gene promoter activity using Hepa-Tl cells, 
following the administrations of different heavy metal ions by 
i. dose-response and time course study of promoter activities; 
ii. deletion mutant study; 
iii. site-directed mutagenesis; 
4. to study transcription factor binding of specific c/5-acting element from 
Hepa-Tl cells using electrophoretic mobility shift assay (EMSA). 
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2. Materials and Methods 
2.1 Cloning of tilapia MT gene 5'-flanking region 
2.1.1 Animals 
Tilapia {Oreochromis aureus) was obtained from a broodstock of a fish farm 
(Xijiang Aquaculture Institute) in mainland China. 
2.1.2 Preparation of tilapia genomic DNA 
Three grams of muscle tissue from tilapia {Oreochromis aureus) was 
homogenized in 30 ml of grinding buffer (100 mM NaCl, 10 mM Tris pH 8, 25 mM 
EDTA pH 8, 0.5 % sodium dodecyl sulfate). The mortar and pestle were pre-chilled 
with liquid nitrogen. The tissue sample was then quickly ground into fine powder in 
the presence of liquid nitrogen and grinding buffer. Proteins were removed by 
proteinase K (3 mg for 30 ml grinding buffer) digestion overnight at 65�C. Genomic 
DNA was extracted by repeated phenol-chloroform extraction. The DNA was then 
precipitated by adding half volume of 5 M NaCl and two volumes of absolute 
ethanol. Then the genomic DNA was recovered by centrifugation at 1700 x g for 2 
minutes and the pellet was washed with 70 % ethanol. The dried DNA pellet was 
finally dissolved in distilled water and its purity and quantity were determined by 
measuring absorbance at 260 nm and 280 nm with a UV spectrophotometer (Ausubel 
et al； 2004). 
2.1.3 DNA walking 
The DNA Walking SpeedUp™ Premix Kit (Seegene, Korea) was used to 
� identify the unknown upstream sequence adjacent to the known tiMT promoter 
sequence previously found (Cheung, 2003). First, three target specific primers (TSPs) 
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were designed from the known tiMT promoter sequence (Fig. 14). 
TSP3 
, TSP2 
101 二 TTACTCCAGTGAAATSW 二 
301 AATAATACT•；二 ； 
401 TSJ^I^iTSrTTraiSACCCGCACTTCATCTAG^^CCATrCTAAATSAATirCGTSTGTTCSTGASCGimVSTGACCSTGrjrrCASATCTCCGTSTA&CC 
501 TSGAGA?(;TTCTCCTi:TGTTTACATACA?GAA??AA?TGCMGGTrSAATT?i:TCCAS;AS??C-A.::STTC?TA:ATAA:!； 了 TCAGGCA^SCASGCCATASA 





丄 101 taacatgcatagtgtgracgatggtctcttatagccatgtcc-atttcttcaaaattgcaeatttgatgcctttttttttttaatgctgcgcaggtggctc 
i:01 taattgctttaatgacttaagttcttgttttcttgtgttctgtcactaatgatgtctgtcactgcag<;c?C.CTSC^»C?5-:TCCCCA7CCS5CTSCA<^ 
1301 AATCCGCCTCTSGCTSCGTGTSCAAAWAAASACATOlGACACCAiSCTOCTSCCAGg^ r^apctgcagcatca 芥 tct:;::gcts!caattatggagt(;i 
1401 tttatttgccactaatcatgaatrtgcacatgtccagaaat^ataacgaatg 
Fig. 14 Target specific primers (TSPl, TSP2 and TSP3) for DNA walking. The 
primers were designed from the Oreochromis aureus MT sequence (Cheung et al” 
2005). The four MREs (red), a TATA box (green) and the three exons (yellow) are 
shown. The start and stop codons are boxed. TSPl 
(5'-CCCATCAGGACGTCTTAGT-3')； TSP2 (5'-TGCGATCATTTCACTGGAGTA-3')； 
TSP3 (5'-GACTCCTCAGTCTTGCTCATT-3') 
Nested PGR reactions were performed with the DNA Walking Annealing 
Control Primers (DW-ACP) provided in the DNA Walking SpeedUp ™ Premix Kit 
(Seegene) and the three TSPs (Fig. 14 & 15). Each of the DW-ACPs contains a 
specific ACP primer-binding site at its 3，-end (5'-AGGTC, 5，-TGGTC，5'-GGGTC, 
5，-CGGTC) (Fig. 15). The sequence GGTC occurs every 1-2 kb on average (Hwang 
et a l , 2003). In the first round of PGR, one of the DW-ACP provided by the 
company and the first TSP were used to amplify an unknown upstream fragment 
from the previously known sequence. Then nested PGR with other TSPs were 
performed to improve the specificity of the amplification. 
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Direct sequencing or Cloning 
Fig. 15 The general strategy of DNA Walking ACPtm PCR Technology. The 
DW-ACP, DW-ACPN and universal primer were provided by Seegene (Korea). The 
three TSPs were designed from the known sequence. Nested PCR were performed to 
amplify the unknown sequence of interest upstream the previously identified 
sequence. 
In the first PCR reaction, four individual tubes were prepared using primer pairs 
that are a combination of the TSP 1 primer with one of the DW-ACP 1, 2, 3 or 4 
primers. Each reaction contained 100 ng of tilapia {Oreochromis aureus) genomic 
DNA, 4 i^l of 2.5 ^iM DW-ACP (one of DW-ACP 1, 2, 3，and 4)，1 of 10 ^iM TSP 
1, 25 |il of 2X S e e A m p T M A C P ™ Master Mix II and distilled water to make up a 50 
- |xl reaction. The PCR reaction was performed on the TaKaRa PCR Thermal Cycler 
Dice with the following PCR conditions: 
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Temperature/°C Time 
94 5 min 
42 1 min 
72 2 min 
94 40 sec 
55 40 sec ) 
72 90 sec j 30 cycles 
72 7 min 
The PGR products were purified using the ConcertTM Rapid PGR Purification 
System (GibcoBRL). Ten |xl of each PGR product was analysed in a 1% agarose gel. 
In the second PCR reaction, four PGR reactions were set up and each of the 
reaction contained 3 |il of the purified PCR product, 1 |xl of 10 fiM DW-ACPN 
provided in the kit, 1 |il of lO^iM TSP 2, 10^1 of 2X SeeAmp™ ACP™ Master Mix 
II and 5 |j.l of distilled water to make up a 20 \i\ reaction. The PCR reaction was 
performed on the TaKaRa PCR Thermal Cycler Dice with the following PCR 
conditions: 
Temperature/°C Time 
94 3 min 
94 40 sec 
60 40 sec ) 
72 90 sec J 35 cycles 
72 7 min 
PCR product (5|il) was analysed in a 1% agarose gel. 
In the third PCR reaction, four PCR reactions were prepared with each 
containing 1 |j,l of the second PCR products, 1 i^l of 10 |iM universal primer provided 
in the kit, 1 of l O ^ M TSP 3, 10 of 2X SeeAmpTM ACP^m Master Mix II and 7 
� |il of distilled water to make up a 20 i^l reaction. The PCR reaction was performed on 
the TaKaRa PCR Thermal Cycler Dice with the following PCR conditions: 
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Temperature/°C Time 
94 3 min 
94 40 sec 
65 40 sec ) 
72 90 sec j 30 cycles 
72 7 min 
Each PCR product (10 |il) was analyzed in a 1% agarose gel. After staining with 
ethidium bromide, the PCR products were visualized under UV illumination and the 
band was extracted. The band was purified with C O N C E R J t m Rapid Gel Extraction 
System (GibcoBRL) according to the instruction manual. 
The extracted PCR product was cloned into the TA cloning vector provided in 
pGEM®-T Easy Vector System (Promega) according to the procedures in the manual. 
The ligation product was used to transform competent cells of Escherichia coli strain 
DH5a. 
To prepare the competent cells for transformation, 1 ml of overnight culture of 
DH5a cells were diluted 200-fold with Luria Broth (LB) medium. The cells were 
grown at 250 rpm and 37°C until OD600 reached 0.25 to 0.4. The cells were collected 
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by centrifugation (3600 x g) for 10 minutes at 4°C, washed with Ca /glycerol buffer 
(60 mM CaCl2, 10 mM Pipes [pH 7.0] 15% glycerol) twice, and collected at 3600 x g 
for 10 minutes at 4°C. The cells were resuspended in 5 ml Ca^Vglycerol buffer, 
aliquotted and stored at -70°C before use. 
The competent cells were thawed on ice, mixed with the ligation product, 
subjected to heat shock at 42°C for 75 seconds, chilled for 5 minutes and finally 
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recovered at 37°C for 45 minutes with sterile LB medium. The transformed cells 
were plated onto LB agar plate containing ampicillin, 0.2 mM 
isopropylthio-P-D-galactoside (IPTG) and 40 mg/ml 
5-bromo-4-chloro-3-indolyl-P-D-galactoside (X-gal). The plate was incubated at 37 
�C overnight and the white colonies were screened by PGR reactions with T7 and 
SP6 primers. The positive clones were innoculated into 5 ml of LB medium 
containing ampicillin and shaked at 37°C overnight. The plasmid DNA from the 
positive clones was prepared with QIAprep Spin Miniprep Kit (Qiagen) according to 
manufacturer's instructions. The plasmid DNA prepared was sequenced by 
commercial DNA sequencing service (Tech Dragon Limited) with T7 and SP6 
primers for determining the nucleotide sequence of the insert. 
2.1.4 Amplification of whole tiMT gene 
After the identification of the upstream tiMT promoter sequence, two primers 
(Fig. 22) were designed for the PGR amplification of whole tiMT gene. 
The PGR amplification reaction was prepared with Expand High Fidelity PCR 
System (Roche Applied Science), which contained 200 ng of tilapia (Oreochromis 
aureus) genomic DNA, 5 of lOX Expand High Fidelity buffer with 15 mM MgCb, 
1.5 of 10 ^iM tiMTP-FL-F primer, 1.5 of 10 ^iM TMTP3，primer, 1 of lOmM 
of dNTP mix, 0.75 jil of Expand High Fidelity Enzyme Mix and distilled water to 
make up a 50 |il reaction. The PCR reaction was performed on the TaKaRa PCR 
Thermal Cycler Dice with the following PCR conditions: 
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Temperature/°C Time 
94 2 min 
94 40 sec 
55 40 sec ) 
72 3 min J 25 cycles 
72 7 min 
All of the PGR products were resolved in a 0.8% agarose gel. After staining 
with ethidium bromide, the PGR products were visualized under UV illumination 
and the band was extracted. The band was purified with C O N C E R T T M Rapid Gel 
Extraction System (GibcoBRL) according to the instruction manual. 
The extracted PGR product was cloned into the TA cloning vector provided in 
pGEM®-T Easy Vector System (Promega) according to the procedures in the manual. 
The ligation product was used to transform competent cells of Escherichia coli strain 
DH5a. The clones were subjected to blue-white screening and PGR screening with 
T7 and SP6 primers. The plasmid DNA from the positive clones was prepared with 
QIAprep Spin Miniprep Kit (Qiagen) according to manufacturer's instructions. The 
plasmid DNA prepared was sequenced with T7 and SP6 primers for confirmation of 
the whole tiMT gene sequence. 
2.2 Determination of transcription start site 
2.2.1 Total RNA extraction 
Liver tissues from tilapia {Oreochromis aureus) were used for the total RNA 
extraction. Tissues (0.1 g) was ground in 1 ml of TriPure Isolation Reagent (Roche 
Applied Science) and incubated at room temperature for 5 minutes. The tube was 
� shaken vigorously after the addition of 200 |j,l of chloroform and was taken to 
centrifugation at 12000 x g for 15 minutes at 4°C. The supernatant was extracted and 
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added to 500 |il of propan-2-ol. It was then centrifuged at 12000 x g for 15 minutes 
at 4°C. The supernatant was removed while the RNA pellet was washed with 75% 
ethanol and dissolved in diethyl pyrocarbonate (DEPC)-treated water. The RNA 
integrity and quantity was determined by agarose gel electrophoresis and absorbance 
at 260 nm respectively. 
2.2.2 Rapid amplification of 5' complementary DNA ends (5，RACE) 
The G e n e R a c e r ™ Kit (Invitrogen) was used and the experiment was done 
according to the instruction manual provided by the manufacturer. Total RNA (3 }xg) 
was treated with 10 U of calf intestinal phosphatase (CIP) in the presence of IX CIP 
buffer and 40 U of RNaseOut"^^ at 50°C for 1 hour. The dephosphorylated RNA was 
purified by phenol:chloroform extraction, ethanol precipitation and resuspended in 7 
of DEPC water. It was then treated with 0.5 U of tobacco acid pyrophosphatase 
(TAP) in IX TAP buffer at 37°C for 1 hour. After phenol-chloroform extraction and 
ethanol precipitation, the RNA (7 |j,l) was denatured with GeneRacerTM r n a Oligo 
(0.25 |ig) at 65°C for 5 minutes and then incubated with 5 U of T4 RNA ligase in IX 
ligase buffer at 37°C for 1 hour. RNA precipitation was performed again and the 
RNA was resuspended in 10 pi of DEPC water. Reverse transcription of the mRNA 
to cDNA was done with S u p e r S c r i p t T M m R T (Invitrogen), in which the RNA was 
first denatured with random primer (Invitrogen) at 65°C for 5 minutes and then 
incubated with 200 U of reverse transcriptase at 50°C for 60 minutes. Expand High 
Fidelity PCR System (Roche Applied Science) was used to amplify the 5' cDNA 
ends with the MT gene-specific primer (TMTD) 
(5'-TCACTGGCAGCAGCTGGTGT-3') as the reverse primer and the GeneRacer™ 
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5' Primer (Invitrogen) as forward primer. The PCR reaction was performed on the 
TaKaRa PCR Thermal Cycler Dice with the following PCR conditions: 
Temperature/°C Time 
94 2 min 
94 30 sec ) 
72 1 min J 5 cycles 
94 30 sec ) 
70 1 min r 5 cycles 
94 30 sec 
65 30 sec ) 
72 1 min J 25 cycles 
72 10 min 
All of the PCR products were resolved in a 1.2% agarose gel. After staining 
with ethidium bromide, the PCR products were visualized under UV illumination 
and the band was extracted. The band was purified with C O N C E R T T M Rapid Gel 
Extraction System (GibcoBRL) according to the instruction manual. 
Expand High Fidelity PCR System (Roche Applied Science) was used for the 
nested PCR with the GeneRacerTM 5' Nested Primer (Invitrogen) and 1 of initial 
PCR reaction. The PCR reaction was performed on the TaKaRa PCR Thermal Cycler 
Dice with the following PCR conditions: 
Temperature/°C Time 
94 2 min 
94 30 sec 
65 30 sec ) 
72 2 sec f 15 cycles 
72 10 min 
All of the PCR products were resolved in a 1.2% agarose gel and the band with 
the expected size was purified and taken to TA cloning with pGEM®-T Easy Vector 
System (Promega) according to the procedures described before. DNA sequencing 
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was performed with the gene-specific primer (TMTD). 
2.3 Transient transfection assay 
2.3.1 Cell culture 
The Hepa-Tl cell line, obtained from The Institute of Physical and Chemical 
Research (RIKEN) in Japan is an epithelial-like hepatocytes from the tilapia 
Oreochromis niloticus. The cells were cultured in a combination of media: 50% 
(V/V) Leibovitz's L-15 medium with 2 mM L-glutamine (Gibco), 35% (V/V) 
Dulbecco's modified Eagle's medium with 4.5 g/L glucose and 4 mM L-glutamine 
(Gibco), 15% (V/V) Ham's F12 with 1 mM L-glutamine (Gibco); all media without 
sodium bicarbonate. The media was supplemented with 0.15 g/L sodium 
bicarbonate, 15 mM HEPES, pH adjusted to 7.2, and then filter-sterilized through 
0.22 |Li membrane (Millipore). Heat-inactivated fetal bovine serum (Gibco), 5% 
(V/V), and 1% (V/V) Penicillin-Streptomycin (Gibco) were freshly added before use. 
Monolayers of cells were sub-cultured when confluent. Medium was aspirated 
from the cell monolayers, and cells were washed with phosphate buffered saline 
(PBS) and incubated in 0.25% trypsin-1 mM EDTA.4Na (Gibco) until cells were 
detached from the culture flasks. Action of trypsin was halted by the addition of 
culture medium and the cells were collected by centrifugation at 150 x g for 5 
minutes. The cell-line was sub-cultured and maintained as stationary monolayer in a 
humidified 2 8 � C incubator. 
2.3.2 Construction of pGL3-tiMT deletion mutants 
PGR with Expand High Fidelity PGR System (Roche Applied Science) was 
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used to create the desired deletion mutant constructs from the 5'-flanking region of 
the tiMT gene with the putative c/^-acting elements. Eight forward primers 
(tiMTP-7MREs to TMTP D6Sacl) and one reverse primer (TMTPHmdill) were 
designed from the 5'-flanking region of tiMT gene for the generation of the eight 
different PGR fragments (Fig. 22), in which the restriction enzyme sites Sad and 
Hindill at the ends were adopted for the subsequent cloning. 
The eight PGR reactions were performed on the TaKaRa PCR Thermal Cycler 
Dice with the following PCR conditions: 
Temperature/°C Time 
94 2 min 
94 40 sec 
55 40 sec 1 
72 90 sec J 25 cycles 
72 7 min 
The eight PCR products were resolved in a 1.2% agarose gel and visualized 
under UV illumination after ethidium bromide staining. The fragments with their 
expected product size were extracted and purified. The eight PCR products and 
pGL3-Basic vector (Promega), which carries the firefly luciferase reporter gene, 
were digested with Sad and Hindill. The digested inserts and vector were purified 
and ligated together by T4 DNA Ligase (Promega) to give the eight deletion mutant 
constructs. After ligation, the reactions were used to transform competent cells of 
Escherichia coli strain DH5a. The clones were subjected to PCR screening and 
confirmed by DNA sequencing with the primers RVprimer3 and GLprimer2 
(Promega). 
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2.3.3 Preparation of heavy metal solutions 
Cadmium chloride monohydrate, copper(II) chloride dehydrate, mercury(II) 
chloride, nickel(II) chloride hexahydrate, lead(II) nitrate and zinc chloride of reagent 
grade were purchased from Sigma-Aldrich. Metal stock solutions in concentration of 
100 mM of heavy metal ions were prepared in double distilled water followed by 
0.22 |iM filtration in syringe. Metal ions solutions were diluted serially with fresh 
medium to various concentrations and applied to 80% confluent Hepa-Tl cells. 
2.3.4 Determination of heavy metal ion toxicities by alamarBlue^"^ assay 
Hepa-Tl cells (1 x 10^) were seeded to each well of a 96-wells plate. On the 
next day, heavy metal ion solutions (Cd� . , Cu�—, Hg2+, Ni^^, Pb^^, Zn】.）of various 
concentrations were obtained by serial dilutions of the stock solution (100 mM) with 
fresh medium and applied to the Hepa-Tl cells. After 24 hours of treatment, the 
heavy metal ion solutions were aspirated and the cells were incubated with 10% 
alamarBlueTM (BioSource) at 28°C for about two hours. Fluorescence readings with 
excitation wavelength at 530 nm and emission wavelength at 590 nm were obtained 
by Tecan GENios™ fluorescence plate reader for the measurement of metabolic 
activity of Hepa-Tl cells under various concentrations of heavy metal ions. 
Cytotoxicities of heavy metal ions were calculated as EC50 values by GraphPad 
Prism 4. 
2.3.5 Transient transfection of plasmids to Hepa-Tl cells 
Two hundred nanograms (ng) of pGL3-tiMT construct with the seven putative 
MREs in the 5'-flanking region of tiMT gene (pGL3-tiMTP-7MREs), and two 
nanograms of pRL-CMV normalization construct (Promega) were mixed with 
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serum-free medium, 1 of Lipofectamine reagent (Invitrogen) and 1 \i\ of PLUS 
Reagent (Invitrogen) according to the manual provided by the manufacturer. The 
mixture was transfected into 1.5 x 10^ Hepa-Tl cells per well of a 24-well plate at 
about 80% confluence for 3 hours. Promoterless negative control plasmid 
pGL3-Basic (Promega) (200 ng) was also transfected with pRL-CMV (200 ng) in the 
same way as described above. After 3 hours of incubation at 28°C, the transfection 
reagents were removed from the cells and replaced with fresh culture medium with 
5% serum. The cells were then allowed to recover at 28°C in an incubator for 24 
hours. 
2.3.6 Metal ions treatment and study of tiMT promoter activities 
Different doses (0%, 10%, 25%, 50%, 75% and 100% of the 24hr-LC5o) of one 
of the heavy metal ions (Cd^^ Cu^"", Hg2+, Ni^^ Pb^^ Zn^^) were administered to the 
transfected Hepa-Tl cells for 12，24 or 48 hours. After treatments, the luciferase 
activities were measured. The assays for firefly luciferase activity and Renilla 
luciferase activity were carried out using the Dual-Luciferase® Reporter Assay 
System (Promega) with one fourth of the volume of the reagents recommended in the 
technical manual, and a Lumat LB 9501 luminometer. The activities of the different 
constucts are shown as relative luciferase activities. The results are presented as the 
average of the mean 土 standard deviation (S.D.) of three replicates and analyzed by 
GraphPad Prism 4. 
2.3.7 Transient gene expression studies of deletion mutants of tiMT promoter 
Eight deletion mutant constructs (200 ng each) with successive deletion of the 
seven MREs in the 5'-flanking region of tiMT gene (pGL3-tiMTP-7MREs to 
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pGL3-tiMTP-0MRE) and pRL-CMV normalization construct (Promega) (200 ng) 
were transfected into Hepa-Tl cells seeded in a 24-well plate as described above. 
Optimal doses of heavy metal ions for the induction of tiMT promoter activities were 
chosen (75% of the 24hr-LC5o) for the treatment of the Hepa-Tl cells transfected 
with the deletion mutant constructs. The luciferase activities after 12, 24 or 48 hours 
of metal ions treatment were measured as mentioned. The results are presented as the 
average of the mean 士 standard deviation (S.D.) of three replicates and analyzed by 
GraphPad Prism 4. 
2.4 Site-directed mutagenesis of tiMT promoter 
2.4.1 Polymerase chain reaction (PCR)-based site-directed mutagenesis 
Two strategies based on PCR were adopted for the generation of mutants, each 
of which had mutations (TGCRCNC—JTRCNC) introduced to one of the seven 
putative MREs in the 5'-flanking region of tiMT gene. The first strategy was 
modified from Allemandou, et al., 2002. Seven mutation primers (mut-a to mut-g) 
incorporated with the desired site-directed mutations to a MRE, seven primers 
(mut-aP to mut-gP) oriented in the opposite direction ('back-to-back' to the mutation 
primers) and phosphorylated in the 5' end, and a pair of selection primers called S 
and S' which are complementary coding for an additional unique restriction site 
(Apal) on the original pGL3-tiMTP-7MREs plasmid, were designed (Fig 18). The 
primers were designed and used in two simultaneous PCR reactions (e.g., mut-a/S’ 
versus mut-aP/S) in order to amplify either the 'right' or the ' left ' half of the plasmid. 
The reaction (100 ^1) contained 100 ng of the native plasmid (pGL3-tiMTP-7MREs), 
20 pmol of each primer, 10 nM of each dNTP (Roche), and 3 U of Pfu polymerase 
(Promega) in IX Pfu buffer. 
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Fig. 16 Primers for cloning site-directed mutagenesis constructs. Primer pairs 
(same colour) were used to amplify either the 'left' half or ‘right，half fragment of the 
original plasmid but containing desired mutations in specific MRE. mut-a (5，-TGTAT 
A T T A C T C G G C T C T G T T G T - 3 , ) ; m u t - a P ( P - 5 ' - C G C C T G T C A C G C T A C A C G - 3 ' ) ； m u t - b 
( 5 ， - T T G T C G T G T A A T C A A C C T C T T C G - 3 , ) ; m u t - b P ( P - 5 ' - C C T T T C A G C A G C G G G A A C 
A - 3 ' ) ； m u t - c ( 5 ’ - A T T C G A T T G C C C A T C C A C C C A A C - 3 , ) ; mut-cP ( P - 5 ' - T A T C A C C A A C 
A G T A T T A - 3 ' ) ； mut-d ( 5 ， - A A A T A C A T T A C G G A A A T G T T T T C T G - 3 ， ) ; mut-dP (P-5'-TT 
T C A T T C T T T T C A T T C C A A A C - 3 ’ ) ； m u t - e ( 5 , - G C A C C G T G T A A T C A G C G C C A G G A - 3 , ) ; 
m u t - e P ( P - 5 ' - A A A C C A G C T G G C G T C T G T - 3 ' ) ; m u t - f 
( 5 ‘ - G C C G G G T A A T G C T C G G C A C T G - 3 ' ) ； m u t - f P ( P - 5 ' - C G C T C G T G A G C A A A C C A - 3 ' ) ; 
mut-g ( 5 ， - C C A T G A T T A C A C G G C T C G C T G C T G A - 3 ' ) ; mut-gP 
( P - 5 ‘ - C A C G T G C G A C G T C G C T T - 3 ' ) ; S ( 5 , - C G A T A A G G G C C C G T C G A C C - 3 ' ) ; S , 
(P-5 ‘-GGTCGAC G G G C C C T T A T C G - 3 ' ) where the MRE sequences were underlined 
with mutations showed in red. P denoted the phosphate group at 5'-end and the Apal 
site introduced in primer S and S' were shown in italics. 
The two PCR reactions were performed on the TaKaRa PCR Thermal Cycler 
Dice with the following PCR conditions: 
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Temperature/°C Time 
94 5 min 
94 30 sec 
55 (mut- lP/S) or 60 (mutl/S，) 30 sec ) 
72 6 min J 30 cycles 
72 10 min 
The reaction products were resolved in 1% agarose gel. After staining with 
ethidium bromide, the PCR products were visualized under UV illumination and the 
band with the expected product size was extracted. The bands from the two reactions 
were co-purified with QIAquick Gel Extraction Kit (Qiagen) and eluted in 20 \i\ of 
distilled water. The PCR products were then digested for 2 hours at 37°C by Apal 
and were purified with ConcertTM Rapid PCR Purification System (GibcoBRL) and 
eluted in 25 |il of distilled water. The purified products, each of which represents 
complementary half fragment of the original pGL3-tiMTP-7MREs plasmid but with 
desired mutations in specific MRE, were ligated together in a reaction containing 6 U 
of T4 DNA ligase (Promega), and 3 [d of lOX ligase buffer. The reaction was 
incubated at 4°C overnight. 
The ligation products were then digested for 2 hours at 37°C with Dpnl in order 
to eliminate the wild-type template. The reaction was used to transform the 
competent cells of Escherichia coli strain DH5a. The transformed cells were plated 
onto LB agar plate containing ampicillin and grown overnight at 37°C. The clones 
were subjected to PCR screening with the mutation primer (e.g.，mut-a) as the 
forward primer and TMT?HindUl primer as the reverse primer. The plasmid DNA 
from the positive clones was prepared with QIAprep Spin Miniprep Kit (Qiagen) 
according to manufacturer's instructions. The prepared plasmids were taken to DNA 
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sequencing for the confirmation of the desired mutations to the tiMT promoter region. 
Constructs with mutations in MREa, MREd, MREe, MREf and MREg were prepared 
with this method. 
The second strategy was a two-step megaprimer-based PCR mutagenesis 
method modified from Tyagi, et al, 2004. Two rounds of PCR amplifications were 
performed in this method. In the first round, the reaction was carried out in a total 
volume of 50 i^l which contained 3 U of Pfu polymerase, IX Pfu buffer, 100 ng of 
the native plasmid (pGL3-tiMTP-7MREs), 0.2 mM dNTP, 1 pmol of internal 
mutagenic forward primer (mut-b or mute) and 0.05 pmol of the reverse primer 
TMTP//m<iIII. This round of PCR is to generate a reverse mutagenic megaprimer for 
the next round of PCR. The lower concentration of the reverse primer TMTP//mt/III 
in this round of PCR is to reduce the chance of this reverse primer to pair up with the 
forward primer in the second round of PCR to generate tiMT promoter fragment 
without any desired MRE mutations. The PCR was also carried out on the TaKaRa 
PCR Thermal Cycler Dice with the following PCR conditions: 
Temperature/°C Time 
94 5 min 
94 1 min � 
50 30 sec ) 
72 2 min j 5 cycles 
72 35 min 
In the second round of PCR, 1 pmol of the forward primer tiMTP-7MREs was 
added into the same reaction tube to generate tiMT promoter fragments having 
desired mutations in specific MRE with the megaprimer produced in the previous 
round of PCR. The reaction was subjected to the following PCR conditions: 
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Temperature/°C Time 
94 5 min 
94 1 min 
55 1 min ) 
72 2 min J 25 cycles 
72 10 min 
The PCR products were then resolved in a 1 % agarose gel and visualized under 
UV illumination after ethidium bromide staining. The fragments with the expected 
product sizes were extracted and purified. The purified PCR products and 
pGL3-Basic vector (Promega) were digested with Sacl and Hindill. The digested 
inserts and vector were purified and ligated together by T4 DNA Ligase (Promega). 
The ligation products were used to transform competent cells of Escherichia coli 
strain DH5a. The clones were subjected to PCR screening and taken to DNA 
sequencing with the primers RVprimer3 and GLprimer2 (Promega) for the 
confirmation of the desired mutations. Constructs with mutations in MREb and 
MREc were prepared with this method. 
2.4.2 Transient transfection of plasmids to Hepa-Tl cells and study of tiMT 
promoter activities 
pGL3-tiMT plasmid with site-directed mutations to one of the MREs (200 ng) 
and pRL-CMV (200 ng) were transfected into Hepa-Tl cells in a 24-well plate as 
described before. Two hundred nanograms of the pGL3-tiMT construct with tiMT 
promoter region embracing the seven putative MREs was also transfected for 
comparison. Metal ions does used were 75% of the 24hr-LC5o of the heavy metal 
ions (Cd2+, Cu2+，Hg2+, Pb^^, Zr?^) was used for the treatment of transfected Hepa-Tl 
cells. After 24 or 48 hours of treatment, the luciferase activities induced by metal 
ions were measured as mentioned above. The results are presented as the average of 
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the mean 土 standard deviation (S.D.) of three replicates and analyzed by GraphPad 
Prism 4. 
2.5 Electrophoretic mobility shift assay (EMSA) 
2.5.1 Extract preparation 
The Hepa-Tl cells were grown to 90% confluence, and the serum concentration 
in the growth medium was decreased to 1% the night before treatment. Next day, the 
cells were treated with or without 75% 24-hr EC50 of cadmium, copper and zinc 
(74.0 |iM for CdCl2, 727.7 i^M for CuCb and 565.5 ^M for ZnCh) for 24 hours. The 
control and treated cells were harvested for whole-cell protein extraction. Whole-cell 
extracts were prepared as previously described by Dalton et al (1997). After 
treatment, cells were placed on ice, the medium was removed, and the cells were 
washed once with ice-cold phosphate-buffered saline. Cells were scraped off the dish 
in 5 ml of cold phosphate-buffered saline, and collected by centrifugation at 1500 x g 
for 5 min at 4 °C. The cell pellet was frozen in liquid N2 and resuspended in 3 
volumes of nuclear extraction buffer (20 mM HEPES [pH 7.9], 1.5 mM MgCh, 400 
mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 25% 
glycerol). The cell lysate was centrifuged at 89,000 x g for 5 min, and the 
supernatant was collected and stored in aliquots at -80°C • The protein concentrations 
of the whole-cell extracts were determined by Bio-Rad Protein Assay which is based 
on the method of Bradford using Coomassie Blue staining. 
2.5.2 Preparation of radiolabeled tiMRE oligonucleotides 
Complementary oligonucleotide pairs with length of 32 bp were designed to 
incorporate the seven putative tiMT MREs (MREa to MREg) and the flanking 
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sequences with the addition of four overhanging bases as shown in Table 2. 300 pmol 
of complementary oligonucleotides were air-dried, resuspended in 54 |il of 
autoclaved distilled water and 6 |J1 of 1 OX annealing buffer (200 mM Tris-HCl [pH 
7.5], 100 mM MgCl2, 500 mM NaCl), and heated at 80°C for 10 min. Then the 
annealed complementary oligonucleotides were cooled slowly at room temperature. 
A labeling reaction was assembled with 2 )il of the annealed complementary 
oligonucleotides, 5 \i\ [y- P]dATP, 10 |il autoclaved distilled water, 2 \i\ kinase lOX 
reaction buffer and 10 u of T4 polynucleotide kinase (Promega). The reaction was 
incubated at 37°C for 1 hour. The radiolabeled probes were purified by Microspin 
G-25 column (GE Healthcare) and stored at -20°C. 
Table 2 Double-stranded oligonucleotides pairs for binding reaction in EMSA. 
The MRE sequences were bold and underlined. 
Oligo Sequence 
M R E a 5'-GATCCCGTGTATTGCACTCGGCTCTGTTGTTA-3^ 
3 ‘-GGCACATAACGTGAGCCGAGACAACAATCTAG-5^ 








~ M R E f 5‘-GATCCAGCGGCCGGGTGCAGCTCGGCACTGAA-3‘ 
3,-GTCGCCGGCCCACGTCGAGCCGTGACTTCTAG-5^ 
~ M R E g 5‘-GATCCTGCCATGTGCACACGGCTCGCTGCTGA-3‘ 
3'-GACGGTACACGTGTGCCGAGCGACGACTCTAG-5^ 
2.5.3 Electrophoretic mobility shift assay (EMSA) 
DNA-protein binding reactions of the seven putative MREs and Hepa-Tl 
whole-cell extracts were performed as previously described (Dalton et al., 1996b) 
with some modifications. Ten micrograms of whole-cell extract was incubated with 
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buffer containing 12mM HEPES (pH 7.9), 60 mM KCl, 0.5 mM dithiothreitol, 12% 
glycerol, 5 mM MgCb, 0.2 |ig of dI-dC/|ig of protein, and 2 to 4 fmol of end-labeled 
double-stranded oligonucleotide (5000 cpm/fmol) in a total volume of 20 for 20 
min on ice. Binding reactions without the addition of whole-cell extract (free probe 
only) and those with the extra addition of 200-fold excess unlabeled double-stranded 
oligonucleotides as competitors of labeled probes were prepared also as controls. 
Protein-DNA complexes were separated at 4 � C by PAGE, using a 5% 
polyacrylamide gel of 30:0.8，acrylamide-bisacrylamide, running at 15V/cm. The gel 
was polymermized and run in Tris-glycine buffer (0.19 M glycine [pH8.5], 25 mM 
Tris, and 0.5 mM EDTA). After electrophoresis, the gel was dried and labeled 




3.1 Cloning of tilapia MT (tiMT) gene 5'-flanking region and amplification of 
whole tiMT gene 
As shown in Fig. 17, there is no PGR product after first round of PGR. However, 
a clear band around 1.5 kb was observed in the second and third round of PGR 
(nested PGR), indicating amplified. In the TA cloning of the PGR product obtained in 
the DNA walking, 14 white clones were obtained. From the PCR screening with T7 
and SP6 primers, three positive clones were obtained (Fig. 18) and their plasmid 
DNA were subjected to further confirmation by EcoRl digestion (Fig. 19). All three 
clones showed that the TA cloning was successful and contained the PCR product 
obtained from DNA walking. The tiMT gene sequence with a 5' upstream region of 
tiMT gene was sequenced. Primers were further designed accordingly for 
amplification of the whole tiMT gene with a primer from the 3’ end of the cDNA 
sequence (Fig. 22). 
After PCR amplification of the whole tiMT gene with the pair of primers 
designed from the newly found tiMT 5'-flanking region, a clear band showing PCR 
products with the expected size of around 2.7 kb was obtained (Fig. 20). The 
sequence of the whole tiMT gene was confirmed by sequencing of seven clones. 
The tiMT 5'-flanking region determined was 2118 bp long, making up a 2729 bp of 
the whole tiMT gene. Analysis of the promoter regions revealed the presence of 
seven putative metal responsive elements (MREs) with a consensus sequence of 
(TGCRCNC). MRE sequences were named MREa, MREb, MREc, MREd, MREe, 
MREf and MREg in the order of proximity to the TATA box. Additional putative 
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recognition sites of various transcription factors including activator protein-1 (API) 
binding sites (5'-AATGA-3') and glucocorticoid response element (GRE) half sites 
(5'-TGTTCT-3') were also identified. 
M 1 2 3 4 M 1 2 3 4 
個 
1 2 M 3 4 
(c) SP^零漏 
fe^iiiSiS'il M 1 kb DNA ladder 
• 1 DW-ACP 1 
玄 ^ f f i a 2 DW-ACP 2 
3 DW-ACP 3 
药貧 ;驚、^~ 4 DW-ACP 4 
艮 ‘ ： � “ ‘ ： +巧.ISSHHIBBI 
Fig. 17 Gel electrophoresis of DNA walking products from the round (A), 
round (B) and round (C) nested PCR. The arrow indicates the PCR product 
(-1.5 kb) which was subsequently subjected to TA cloning. 
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Fig. 18 PCR screening of 14 positive white clones with T7 and SP6 primers. The 
arrow indicates the 1.5 kb insert obtained from DNA walking of tilapia MT gene. (M: 
1 kb DNA ladder; lane 1-14: clone 1-14) 
M 1 2 3 
1 kb DNA ladder 
3 kb Clone 
E ^ H H H ^ ^ ^ ^ ^ ^ I Clone 3 
2 kb 3 Clone 8 
kb . 
Fig. 19 EcoKl digestion of DNA plasmid prepared from the three positive clones. 
The upper bands with size around 3 kb represent the T vector and the lower bands 
represent the 1.5 kb insert. 
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Fig. 20 PCR amplification of the whole tilapia MT gene. The arrow indicates the 
full length tilapia MT gene which has the size of around 2.7 kb. 
3.2 Determination of transcription start site 
The total RNA from tilapia liver tissues was treated with calf intestinal 
phosphatase to remove the 5' phosphates of the truncated mRNA and non-mRNA. 
Only full-length, capped mRNA was not affected and able to ligate to the 
G e n e R a c e r T M RNA Oligo (Invitrogen) after the removal of the 5' cap. RT-PCR was 
carried out with GeneRacer 5' primer 
(5 '-CG ACTGGAGC ACGAGGAC ACTGA-3') as forward primer, which is 
complementary with the specific sequence of G e n e R a c e r ™ RNA Oligo, and a 
custom reverse primer specific to the gene of interest. The PCR product was TA 
cloned and the transcription start site of the gene of interest could then be determined 
by DNA sequencing. 
A DNA fragment of around 300 bp was obtained in PCR amplification with the 
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GeneRacer 5' primer and the gene specific primer TMTD 
(5'-TCACTGGCAGCAGCTGGTGT-3'). A fragment with approximately the same 
size was obtained in the nested PCR reaction (Fig. 21) and the transcription start site 
was determined to be 59 nucleotides upstream of the translation start site (Fig. 22). 
M 1 
F m 
5 0 0 H ； 4 M 100 bp DNA ladder 
400 K - m I 
W P ? I 1 PCR product of GeneRacer^^ 5' primer 
f ^ I M m W ~ and TMTD 
200 
i � � ^ H 
mm 
Fig. 21 Determination of transcription start site of tilapia MT gene by 5，RACE. 




-2059 GGGTCCTGGGAGAGlfi^MGAOGTCMnrCKICTTCACAMCACACTGTGACCAGTTTAGAATCACCAGTTAMCCftGCMACCTGTGTTTGGACTTTGCT -1960 
-1939 ACUCTC»CTG(»CCaACAT6TAACACTGCAICCAGAAACAT:rAAATTTGGTCCAAGTCCTMAMGTGTC»GGGrTMTTCTTGG»KnCACGMEA& -1860 
-1859 CTCTCTCTCTOTCTCTGTCOOCftGmaCAmTGGTCTGMGGCTCTA ATGAjjAAGTTATTCASGCACASATCTTCOOOGMaGCTGGGaCTCCACTftG -1760 
-1755 ACTCC»MaWUV(aWUMVGMU«3GC6GGGAAAMCRCaGTCCCCCTCTCTGTTTTCACCAATCTTTr»GM«GTCMCTAM!C(»CTTAraWUVCTGT -1660 
-1659 CrCrPCTTeATTTGTAfiGCTCCM»GGfCTCTGTTAACAGATCGGAGTACCCCCCAACCCTCCACAACCTTMAWMPAAAMMaMaAJWPGGATGGAC -1560 
-1559 TGaATCTAMrKaGTGTTATTTTATTMGftCTGATrTTTCCCCTCMAATTCCGATTTrCAGCTGCraaCTAMlWWaGiaGCRCTCATCTCTCGGT -1460 
-1459 TTCCMCQGCTACMCTTMAACGCOTCMCTCMTACCGGCTGACACACMTTTCTAGAAACTACACGTTAATGGAGAAACftCTCCGGTGTOGaGTGCA -1360 
-1359 GCCTGAKPAKroCTGCCTTCATGCTCCMiTCMGGAftAACCTAAGTArGTACATACAGCTGGTCTTTMAGMlAAATAGACATWUUMaCTAAGCMCC -1260 
-1259 AAGTGCGAAflCATCCAGG&TATTATGGTAGOOGftfiMTA^ P^PpCTPC，TTCTj|T^fACTCACACATACTGACAAAACACTTCTTTTAAaCCTTGOCT -1160 
-1159 MJTCGGTTTQMTCTTTATTGTTGMCACTQATGmCCCGACTGCTMTTTATGCTTATTGCGATTTTGGTGTTTAAmcrPGTAAGACTACTMiaT -1060 
• , .MREg 
-105 & •rAAMATMATATACTCTGfCTAAATCCftCaATCSTTTTCTCTSTCCTCTGTGGGGRCAAAGCGACCTCGCACGTGCCATcfiGCACRC^i^i^TCGCTGCTG -960 
t'MTP-6MREs 一 , , MREf 
-059 flATCCGGTMTrCCGMaCCftCACGGTftOGTAftACGCAGCATATTACflATAGCCTGTTTGCTTTGGTTTGCTCA&RGOGGatGGGTGGfllGCTCGGCaCT -860 
tiMTP-SMRfa _ MREe. 1 旺 tiMTP-WREs _ 
-859 GftCGGCAGACAGACGCCAGCTGGTTTGCACq^ G^CTljcAGCQCCAfiGAACACCAGACACCCCC rGTTCT< CGCTGCAGTTGTTCAACATCATGRTGACT -760 
A P i p ~ 1 A P 1 J — — ^ 
-759 ATATTMITTTmmTGGftMlUlTGA^CAflGACTGAGGAGTCACACGMATATTj MTGft OTATTATTTTAGATTTGGAmAGGATACTTAATGTGG -660 
4 apiy” I — — AP1, 
-659 ATTTrACTCCAGTG4AATGA>*CGCACTATCflAAATAATACCGGCATAGAGT6TATTAGTTTCAATTAATTAAGTACGAGGTTAAGTTTGG|RATGJ4AAG -560 
API , • .wREd tiMl>^ .JMHbs' • 
-559晰 fiATGaiAAAATAdTGCACGGKftATGTTTTCTGTGflAGftATCTTOGCAGATGCTGftAAAGTTTTTTTGTAftTrr^AAAMa^溫CTGTTGGTGATAATTC -460 
-459 T^GCGCCc|lTCCACCCAACATCCTCTCATATTAGCCCCAAMraGTTGTM:AAATTCACTTCAGGCCATATAAWyCTAAGACGTCCTGMGGGWaCCCGC -360 
‘ ’ AP1 IGRE 
-359 ACTrOVTOTAGCCCATTCTA ATOM TCCGTGTGTTGGTGAGCGTTTGTGRCCGTGTGTTCAGATCTCCGTGTAGCCTGGMy JCTTCT XTt'fbm'AC -260 
-259 UTaCMGftATTAATTGCATGGTTGAATTTCTOCAGAAGTTGACGTTCTTATATMTGTTCAGGCAGCAGGCCATAGMCTGGglATGAGGATCTCTCTGT -160 
tiMTP.RE? pr——|MREb tiMTP-iMREs , JMREa - = 
-15i TCCCGCTGCTGAAAGGTTOTCbTGTGCAdAACCTCTTCGTAATGATTAACGACGTGCTTGCGTGTAGCGTGACAflGOGTGTAtfGCACTCbGCTCTGtTG -60 
GRE ^ ^^ jdMTP^ OMR^^ ^ TATA + 
-59 TTCrtAGGAC^ATAi^l^GCCACTCCTACACCGTCATTCACAACmCMTCAftGTCCCGftAGftGACAAGAGCAACGCCAGCATCACTCGGAACAAA 41 
42 CQRQctuSS J^SScAAA^^ ACCCCTGCGAGTGCGGjUlgtgagtgttcctgccgctgtttaacaaggctatttaatacgctgcttgttaccagcg 141 
g a c c g c a t g a d a c t t a a c t g t c t t t t t t 吻 t t c a g M M H M H H M M H H M M M I 
242 fllgtadgtcdadcacctcacagcacagcaaacaatctatcgdcctgttaatgttacgctcctgtttatcttcccaagtaacatgcatagtgtgacgatgg 341 
342 tctcttatagtcatgtcccatttcttcaaaattgcacatttgatgcctttttttttttaatgctgcgcaggtggctctaattgctttaatgacttaagtt 441 
442 cttgttttcttgtgttctgtcactaatgatgtctgtcactgcagfg^g^M^^SI^il翌 • ！ ® 翌 541 
642 11 gcacat gt ccagaaat gat aacgaat g 670 
Fig. 22 Nucleotide sequence of tilapia (Oreochromis aureus) MT gene. The 
5'-flanking region is underlined. Three additional putative MREs were identified, 
making up a total of seven putative MREs and a TATA box in the tilapia MT 
promoter. Putative API site, GRE are also shown. The start codon (+1) and stop 
codon are boxed in red and blue respectively and the three exons within are shown in 
uppercase letters and shadowed. The black arrow indicates the transcription start site 
which is 59 nucleotides upstream of the translation start site of tilapia MT gene. 
T S P l ( 5 ' - C C C A T C A G G A C G T C T T A G T - 3 ' ) ; 
T S P 2 ( 5 ' - T G C G A T C A T T T C A C T G G A G T A - 3 ' ) ； 
T S P 3 ( 5 ' - G A C T C C T C A G T C T T G C T C A T T - 3 ' ) ; 
t i M T P - F L - F ( 5 ' - G A T G A G C r C G G G T C C T G G G A G A G A - 3 ' ) ; 
T M T P 3 ' ( 5 ' - C A T T C G T T A T C A T T T C T G G A C - 3 ' ) ; 
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t iMTP-7MREs (5'-GATGAGCTCTCTGTCCTCTGTG-3')； 
t i M T P - 6 M R E s ( 5 ' - G A C G A G C r C T T G G T T T G C T C A C - 3 ' ) ; 
t iMTP-5MREs (5'-GATGAGCrCGACGGCAGACAGA-3'); 
t i M T P - 4 M R E s ( 5 ' - G C G A G C r C G G T T G T T C A A C A T C - 3 ' ) ; 
t iMTP-3MREs (5'-GATGAGCrCCTGTTGGTGATAATTCG-3')； 
t i M T P - 2 M R E s ( 5 ' - G A T G A G C r C T G C TGAAAGGTTGTCGT-3')； 
t i M T P - l M R E s ( 5 ' - G A T G A G C r C G C G T G A C A G G C G T G T - 3 ' ) ； 
t i M T P - O M R E s ( 5 ' - G A T G A G C r C G T T G T T C T C A G G A C G C T - 3 ' ) ; 
TMTPT/zWIII (5'-GCAAGCrrrTTGCAGTTGATGG-3'). 
3.3 Cloning of tiMT promoter fragment into reporter vector 
From the sequence of the 5'-flanking region of tiMT gene obtained from DNA 
walking, primers tiMTP-7MREs and TMTFHmdlll (Fig. 22) were designed to 
amplify the promoter fragment containing the seven putative MREs and the 1078 bp 
PCR fragment was cloned into pGL3-Basic reporter vector (Fig. 23) for promoter 
activity study by dual luciferase assay. 
3.4 Determination of heavy metal ion toxicities by alamarBlueTM assay 
The median effective concentrations of heavy metal ions on Hepa-Tl cell-line 
was determined using alamarBlueTM assay. The dose response curve was plotted with 
and the 24 hr-ECso was determined by GraphPad Prism 4 (Fig. 24). Among the six 
heavy metal ions tested, Hepa-Tl was most sensitive to Cd^ "^  (98.71 |iM), followed 
by Hg2+ (118.3 ^M). The toxicities ofCu^^ and Zn^^ to Hepa-Tl were found to be at 
the intermediate level, which have the EC50 of 970.2 |iM and 754.0 \ M respectively; 
whereas Ni^^ (2365 |iM) and Pb^^ (3157 \iM) were determined to be the least toxic 
metal ions. The cytotoxicities of the heavy metal ions are therefore in following 
descending order: 
Cd2+ > Hg2+ > Zn2+ > Cu2+ > Ni2+ > Pb^^ 
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3.5 Study of tiMT promoter activities by heavy metal ions exposure 
Dual-Luciferase® Reporter Assay System (Promega) measures sequentially the 
expression of the two individual luciferase reporter enzymes (Firefly luciferase and 
Renilla luciferase). The tiMT gene promoter embracing the seven putative MREs 
(1078 bp) was ligated into pGL3-Basic (Promega) reporter vector upstream to the 
firefly luciferase {Luc) gene and designated as pGL3-tiMT-7MREs. The Hepa-Tl 
fish cell line was co-transfected with the pGL3 -tiMT-7MREs and an internal control 
vector expressing Renilla luciferase under the control of a cytomegalovirus promoter 
(pRL-CMV) (Promega). The Renilla luciferase reading from pRL-CMV was used to 
normalize the firefly luciferase reading for elimination of variability in replicates 
caused by different cell viabilities or transfection efficiencies. The 'relative luciferase 
activity' of a sample was obtained by dividing the firefly luciferase activity with the 
Renilla luciferase activity as a measurement of tiMT promoter activity of the sample. 
The promoterless pGL3-Basic (Promega) vector was also used as a negative control. 
2+ 2+ 
The tiMT gene promoter activities were measured after treatments of Cd , C u， 
Hg2+，Pb2+ and Zr?^ for 12 (Fig. 25A), 24 (Fig. 25B) and 48 (Fig. 25C) hours. Only 
the tiMT promoter activity induced by 12 hours exposure of Ni^^ was measured 
because Ni^^ did not activate the tiMT gene promoter. Except Ni^^, all the other five 
metal ions were found to be able to cause a significant induction of tiMT gene 
promoter activities at all time points. But for some high doses of heavy metal ions 
treatment for 24 hours and 48 hours, some treated cells died and low readings for the 
two luciferase activities were obtained. The data of these treatments were not shown 
and marked as 'not determined' (N.D.). The fold inductions of tiMT promoter 
activities induced by different heavy metal ions treatment are summarized in Table 3. 
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(A) M J • 
_ 
K ； l ^ H M 1 kb DNA ladder 
I P H I H ^ ^ ^ I i n 1 PCR product ot tiMTP-TMREs and 
3 Kb E ^ ^ TMTPH/rtcflll 
1•‘ I 
in 
(B) M 1 
l^m 
I I r S f M 1 kb DNA ladder 
5 kb I 1 Restriction enzyme 
4 kb ^ z j J f l B p : luign digestion product of 
3 kb P J J J L 3 pGL3.tiMTP.7MREs 
1 
Fig. 23 Cloning of tiMT promoter fragment into pGL3-Basic vector. (A) A PCR 
product of 1078 bp was amplified and was subsequently ligated to pGL3-Basic 
vector, forming pGL3-tiMTP-7MREs. pGL3-tiMTP-7MREs was further confirmed 
with Sad and HindUl digestion. The band at 4818 bp represents pGL3-Basic vector 
while the lower band corresponds to the tiMT promoter fragment (1078 bp). 
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(A) 24 hr-ECso of Cd^ ^ Ion Exposure on Hepa-T1 Cells(D> 24 hr-ECjo of Ni^ * Ion Exposure on Hepa-T1 Cells 
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(B) 24 hr-ECso of Cu^* Ion Exposure on Hepa-Tl Ceils 旧 24 hr-ECjo of Pb^* Ion Exposure on Hepa-T1 Cells 
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<C) 24 hr-ECjo of Hg^ ^ Ion Exposure on Hepa-T1 Cells (F) 24 hr-ECjo of Zn^* Ion Exposure o n Hepa-T1 Cells 
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Fig. 24 Cytotoxicities of heavy metal ions on Hepa-Tl cell-line determined by 
using alamerBlue™ Assay. Cells were exposed to (A) Cd^ ,^ (B) Cu^ ,^ (C) Hg2+，(D) 
Ni2+, (E) Pb2+ and (F) Zn^^ for 24 hours and the median effective concentrations 
(EC50) were determined by alamarBlue™ assay and are shown in the graphs. 
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(A) Relative Luciferase Activity by Metal Ions Treatment for 12 hrs 
in Hepa-T1 Cell-line 
5 “] 一 赞 
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(B) Relative Luciferase Activity by Metal Ions Treatment for 24 hrs in 
Hepa-T1 Cell-line 
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.ft * P < 0.05 
1.6 ftS ： 
** P < 0.01 « 
圣 1-4 - *** p< 0.001 m c—‘ 
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Cd Cu Hg Pb Zn 
Fig. 25 Relative luciferase activity by metal ions treatment for (A ) 12，(B) 24 and 
(C) 48 hours in Hepa-Tl cell-line. Different doses (0%, 10%, 25%, 50%, 75% 
and 100% 24 hr-ECso) of Cd^^ Cu^^ Hg2+, Ni^^ Pb^^ and Zn^^ were applied to 
Hepa-Tl cells for different durations. The fold inductions of tiMT promoter activity 
are given above each metal-treated bar, which is calculated by dividing normalized 
relative luciferase activity of metal treated groups with the average of normalized 
relative luciferase activity of untreated group. The data was analyzed by one-way 
ANOVAtest. 
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Table 3 Fold induction of tiMT promoter activities by administrations of 
different heavy metal ions for different durations (12 hr, 24 hr and 48 hr). The 
significance of promoter activity inductions were compared with no metal ion 
treatment group (One-way ANOVA). 
Foid induction of tiMT Promoter Activity 
12 nr 24 hr 
10% EC5Q 25% EC50 50"/；. EC50 75% EC5C 100% EC50 EC50 25% EC50 50% EC50 75% EC50 100% EC SO 
Cd 1.9_ 3.3'1.6 &.4-2.8 7.5, ,,1.5** 6.412.0* 1.5-0.0 1.8*0.3 1,8'0.6 2.1-0.7 3 2...1.1** 
Cu 1.4+0? i.7-0.3 2.7-0.5** 34-0.4*** 3.7-08*'* 15-0 4 1.7-0,5 2 8-0 7 7.8-2.0*** S.8-24*** 
Hg 3.0! 1.4 3.2 :1.1 3.7;::,1.0 4.4-1.?* 5.1-2.0** 2,8^ 0.4 4 4M .4** 5.3-1.6*** 5.1:^ .9*** 6.0^ 1.2*** 
Mi~~ 1.0:1:0 _厂 0.9-0.1 ~ 0.8r0.1 “ 1.0^ 0.2 _ I 2r0.3 ^^^ ^^^  ---一 
Pb 3.1IQ.4** 2.$:0.2* 2.0-0.2 4.3x0.7**'* 6.S-1.0*** 3.9” 5 3.1,1.1 3 Q-^ .a 8.7:3.5** -
Zn 1.2:K12 1.6.-.:0.2 a.5~0.4 12.8+4 3*** 8.2+3.2* 1.2:^ 0.3 1,6^ 0.4 2 9-1.0 6.0-2.0** . 
4Shr 
10% EC50 25% EC50 50% SC50 75% SC50 100% EC50 
Ccl 1.7+0 1 1.2-0.2 1.5-0,5 3,5;::0.2*** . 
Cu 1.2:1:0.2 1.3.:,0.1 2.卜0.2.*** - • * P < 0 . 0 5 
Hg 2 . 0 : 0 . 1 ^ 2 3 . 1 0 . 2 * ^ 2 . 7 : 0 . 4 " ^ : * * P < 0 . 0 1 
— ^ … P < 0.001 
Pb 2 410 2 2.0: .0.4 2:.4.v.07 5 ,6 -0 ,S . 
Zn 1.3.'.:0.2 1.7:::0.3 2.0:;:0.6* 3.S'0.3*** • 
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CcP，Cu2+，Hg2+, Pb2+ and Zn^^ activated tiMT promoter at 12 and 24 hours 
with clear dose response inductions. Increasing concentrations of these heavy metal 
ions could gradually increase the tiMT gene promoter activity, highest at either 75% 
or 100% EC50 of heavy metal ions exposed. Comparing the results from different 
durations of treatment, the promoter activity induced by different metal ions attained 
its maximum level at different time points. Cd^^ and Zn^^ gave a rapid induction with 
the highest tiMT promoter activity at 12 hours after exposure (7.64-fold and 
12.84-fold respectively), whereas Cu^ "^ , Hg2+ and Pb^ "^  caused a largest activation of 
promoter activity upon 24 hours exposure (2.83-fold, 5.98-fold and 8.68-fold 
respectively). The tiMT promoter induction by metal ions exposure was found to be 
lowest at 48 hours exposure, probably due to toxic effects of the metal ions. 
3.6 Cloning of deletion mutants of tiMT promoter 
To characterize each of the putative MRE in the tiMT promoter, eight deletion 
mutants of the promoter were constructed by PCR. Successive MREs were 
strategically removed from the 5' end to produce different promoter fragments which 
were subsequently cloned into pGL3-basic reporter vector (Fig. 26) at Sad and 
Hindlll restriction site. pGL3-tiMTP-7MREs contains tiMT promoter fragment 
(1078 bp) with all the seven putative MREs. Other deletion mutants contain promoter 
fragments with a number of MREs proximal to the tiMT gene translation start codon 
according to the designated name of mutants. The seven MREs are deleted and only 
the TATA box is remained in the mutant pGL3-tiMTP-0MRE (Fig. 26). 
7 9 
Ml B 1 2 3 4 5 6 7 8 M2 
•
M1 1Kb DNA ladder 
M2 100 DNA ladder 
B P G L 3 械 ikb ； E E E： 
500 bp 
彻 p 
Fig. 26 Cloning of deletion mutants of tiMT promoter. The eight mutants with 
successive deletion of MRE were digested with Sad and Hindlll. Each digested 
product gives a band at 4818 bp which corresponds to the pGL3-Basic reporter 
vector while the lower bands represent the eight different tiMT promoter fragments 
(1078 bp, 956 bp, 918 bp, 840 bp, 534 bp, 214 bp, 159 bp, 122 bp) in the deletion 
mutant plasmids. 
3.7 Transient gene expression studies of deletion mutants of tiMT promoter 
From the results of deletion mutant study after metal ions treatment of 12 hours 
(Fig. 27 and Table 4)，deletion of the MREg significantly reduced the tiMT promoter 
activity induced by Cd^^ (6MREs vs 7MREs, P<0.001), Hg2+ (PO.OOl), Pb^^ 
(P<0.001) and Zx}^ (P<0.001). 
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(A) Relative Luciferase Activity of Deletion Mutants by Cd2+ Ion Treatment for 12 
hours in Hepa-T1 Cell-line 
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(B) Relative Luciferase Activity of Deletion Mutants by Cu2+ Ion Treatment for 12 
hours in Hepa-T1 Cell-line 
-101* Mlllllllll^ ^^ f^ H^ XMX—^MB^ BBBOlBX^ pilM H^^ lll^ " ^ p(iL3-Him>.7IRE« • IMI^  •••••• M ***3.08 
W fl ( K i m ：— • J i fl LUC pOLS-uMTP-aMRE. • ••••••HHinmrH *** 3.85 
棚 lOfAFtMliii^ i^i^ ^^ aiiHBBOoiidHKKtatMk^  POU-UMTP^I. • ••••^•n^m-i ***2.98 
" " » - • 
tue pou^mvMme, • ^ Q gg 
^ ― P O U ^ M T P ^ E . 2ZEH 121 r ™ 
• QUI] control 
很 LUC PCL^MTP湖红•監"4 QBi75% CU EC知 
•100 ^I^iImh Luc pOL3-TIMTP-1MRfo • -f 22 
•63 Lw pOU-tiHTP^IREi 0.82 
I I I I I I I I 备 IMrimpofnIvt A Qlucocortkoid rMponshr. n Activ.tofpr»Mn-1 f TATAboi 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 
e^tamentddMl 厘 elmen丨(OW) “ (API) die • 
Relative Luciferase Activity 
(C) Relative Luciferase Activity of Deletion Mutants by Hg2+ Ion Treatment for 12 
hours in Hepa-T1 Cell-line 
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(D) Relative Luciferase Activity of Deletion Mutants by Pb2+ Ion Treatment for 12 
hours in Hepa-T1 Cell-line 
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(E) Relative Luciferase Activity of Deletion Mutants by Zn2+ Ion Treatment for 12 
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Fig. 27 Functional analysis of tiMT 5，deletion mutants in Hepa-Tl cells with 12 
hours heavy metal ions treatment. Hepa-Tl cells were transfected with different 
deletion mutants and the relative luciferase activities were determined after 75% 24 
hr-ECso treatment of (A) Cd^^ (B) C u � . , ( C ) Hg2+，(D) Pb^^ and (E) Zn!. for 12 
hours. The fold inductions of tiMT promoter activity are given above each 
metal-treated bar, which is calculated by dividing normalized relative luciferase 
activity of metal treated groups with the average of normalized relative luciferase 
activity of untreated group. The data was analyzed by one-way ANOVA test. 
Schematic diagrams of the eight deletion mutants of tiMT gene promoter are shown 
on the left. 
Table 4 Fold induction of promoter activities of different deletion mutants by 
metal ions treatment for 12 hours. 
Fold Indue Tioti ofiiMT pi-Qinotei i:l2 houi^ ) 
一 7MRR 6MRE$ 5MRB 4MREs 3MR£s ZMREs IMRE OMRE 
Cd 5.4^0.4*"- _4.1.=0J咖 4.1:0.1 …""71:0.1 1.3±0~ 1.4x0.)"" 0.$=：(). 1 “ 0."=0.1 
Cii ；11二().3"* 3 ""13=0.1 1.2=0-1 1.2:0.2 _ 0,8:0.1 
Hg ~ -1.0=0.4""^  1.壮0,2 1.2=0 1 1 "Tl-OJ 0.9=0.2 
Pb 1.7=0.1*"*' 0.9-0.2 0.9-0.2 0.6-0.1 0.9.-0.1 “ 0.6-0.2 
Zn 2.2^0.4 2 2.1^：0.2 1.1:0.2 
* P < 0 . 0 5 P < 0 . 0 1 . … P < 0 . 0 0 1 
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Additional deletion of MREf in the promoter reduced the response by Cu^^ (5MREs 
vs 6MREs, P<0.01), Pb2+ (P<0.001) and Zn^^ (P<0.001). For all the five heavy metal 
ions, further removal of MREe drastically reduced the induced promoter activity 
(4MREs vs 5MREs, P<0.001). Except Zn^^, no insignificant induction of tiMT 
I I ^ I o 丄 
promoter activity was found after treatment of Cd , Cu , Hg and Pb with this 
deletion (Fig. 27A to Fig. 27D). Deletion of MREb significantly reduced the tiMT 
promoter activity activated by Zn^ "^  treatment (Fig. 27E). The tiMT promoter activity 
was completely removed after deleting the six upstream MREs. 
The relative luciferase activities of deletion mutants study after the 
administration of metal ions for 24 hours are summarized in Fig. 28 and Table 5. 
Deletion of MREg significantly reduced the tiMT promoter activity induced by CcP. 
(6MREs vs 7MREs, P<0.001), Cu^ "" (PO.OOl)，Pb^^ (P<0.001) and Zn^^ (PO.OOl). 
Further deletion of MREf in the promoter reduced the activity induced by Cu^^ 
(5MREs vs 6MREs, P<0.05), Hg2+ (P<0.05) and Pb^^ (P<0.05). Again, for all the 
five heavy metal ions, further removal of MREe dramatically reduced the induced 
promoter activity. No insignificant induction of tiMT promoter activity was found 
after CcP, Hg2+ and Pb^^ treatments with this deletion (Fig. 28A, Fig. 28 C and Fig. 
28D). Similar to the results in Zn^^ treatment of 12 hours, deleting of MREb 
significantly reduced the tiMT promoter activity (Fig. 28E) and the inducibility of 
tiMT promoter by Zn^^ was completely lost after the deletion of the six upstream 
MREs. 
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(A) Relative Luciferase Activity of Deletion Mutants by Cd2+ Ion Treatment for 24 
hours in Hepa-T1 Cell-line 
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(B) Relative Luciferase Activity of Deletion Mutants by Cu2+ Ion Treatment for 24 
hours in Hepa-T1 Cell-line 
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(C) Relative Luciferase Activity of Deletion Mutants by Hg2+ Ion Treatment for 24 
hours in Hepa-T1 Cell-line 
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(D) Relative Luciferase Activity of Deletion Mutants by Pb2+ Ion Treatment for 24 
hours in Hepa-T1 Cell-line 
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(E) Relative Luciferase Activity of Deletion Mutants by Zn2+ Ion Treatment for 24 
hours in Hepa-T1 Cell-line 
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Fig. 28 Functional analysis of tiMT 5，deletion mutants in Hepa-Tl cells with 24 
hours heavy metal ions treatment. Hepa-Tl cells were transfected with different 
deletion mutants and the relative luciferase activities were determined after 75% 24 
hr-ECso treatment of (A) Cd】.，(B) Cu】.，(C) Hg2+，(D) Pb^^ and (E) Zn^^ for 24 
hours. The fold inductions of tiMT promoter activity are given above each 
metal-treated bar, which is calculated by dividing normalized relative luciferase 
activity of metal treated groups with the average of normalized relative luciferase 
activity of untreated group. The data was analyzed by one-way ANOVA test. 
Schematic diagrams of the eight deletion mutants of tiMT gene promoter were 
shown on the left. 
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Table 5 Fold induction of promoter activities of different deletion mutants by 
metal ions treatment for 24 hours. 
Fold Induciion of uMT proniotei (24 hours) 
‘^MREs 6.MRES 5MREs 4MREs 3MREs 2MREs IMRE OMR! 
Cd “ 3.2=0.1*，* '2 "2.5=0.2"^ ^ ~0=0.1 1.0=0.2 1.0=0.2 0.9=0.1~ 0.，=0.1 
Cii “ 4.1=0.4-^- 7.7:^0.2*- i.S'-O.r" 1.5±i)~ 1.3=0.1 0,9=0,1 “ 
Hg “ 6,8:0.0—”* (S.feO.l*”* T.SrQ.'*-'^  "7.4x0.1 1.5=0.： 1.4rC~ 0.9:0.2— 1.0=0.1 
Pb ' 二产” Q.~=0.1 0.5=0,P 0,6=0,1 “ 
Zii “ - 1 . 9 ^ 0 . 2 . 1 ^ 0 . ： - ^ 二 0 . 9 = 0 . 0 — 
* P < 0.06 ** P < 0.01 P< 0.001 
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3.8 Cloning of mutants with site-directed mutagenesis in tiMT promoter 
Constructs with site-directed mutagenesis at individual MRE sites (MREa, 
MREd, MREe, MREf and MREg) in tiMT promoter was prepared using a modified 
method from Allemandou, et al (2002). The pGL3-tiMTP-7MREs plasmid (5855 bp) 
was used as the template in PCR to generate DNA fragments (one with mutations in 
the desired MRE to another one with a phosphate group at the 5' end) each of which 
represented half of the original template. The two DNA fragments were digested with 
Apa\ and ligated by T4 DNA ligase at the Apa\ restriction sites and the 5' end with a 
phosphate group. Fig. 29A to Fig. 29D shows the gel electrophoresis of the PCR 
products in generation of constructs with mutations at MREa (3752 bp and 2103 bp), 
MREd (3281 bp and 2574 bp), MREe (3000 bp and 2855 bp), MREf (2954 bp and 
2901 bp) and MREg (2850 bp and 3005 bp) respectively. The ligation products were 
transformed and plasmids from positive clones were prepared. Successful mutations 
were confirmed by DNA sequencing. 
Constructs with site-directed mutagenesis at MREb and MREc were 
successfully prepared with the megaprimer method modified from Tyagi, et al 
(2004). First round PCR reaction of 5 cycles was performed with mutagenic primer 
carrying mutations in desired MRE and the reverse primer of the tiMT promoter to 
synthesize the mutagenic megaprimer. The forward primer tiMTP-7MREs were then 
added directly to the reaction to carry out the second round of PCR to generate the 
whole tiMT promoter fragment with mutated MRE (Fig. 29E). The purified PCR 
products and pGL3-basic reporter vector were digested with Sacl and HindlW and 
ligated by T4 DNA ligase. After transformation, positive clones were selected and 
successful mutations were confirmed by DNA sequencing. 
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Fig. 29 Cloning of luciferase reporter constructs with site-directed mutagenesis 
in tiMT promoter. PCR reactions involving mutagenic primers were performed to 
introduce mutations to specific MRE in tiMT promoter. Arrows indicate the PCR 
products with expected sizes and purified for the subsequent ligation and 
transformation procedures in generation of constructs with directed mutations at (A) 
MREa, (B) MREd, (C) MREe and MREf, (D) MREg, (E) MREb and MREc. (F) The 
mutants used in this study were digested with Sad and Hindlll for confirmation of 
the size of the promoter. 
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3.9 Site-directed mutagenesis of tiMT promoter 
From the results of site-directed mutagenesis of tiMT promoter, mutations of 
either three distal MREs (MREe, MREf and MREg) were found to significantly 
reduce (20%-30%) the promoter activity induced by Cd^^ treatment for 12 hours and 
24 hours (Fig. 30A and Fig. 31 A). Mutations of MREe, MREf and MREg decreased 
the tiMT promoter activity during 12 hours Hg2+ treatment by 30%, 20% and 20% 
respectively (Fig. 30C). Exposing the transfected cells to Hg2+ for 24 hours showed 
similar results that the mutations of the three distal MREs significantly reduced 
promoter activity by 30%, 10% and 20% respectively (Fig. 31C). tiMT promoter 
activity was significantly reduced by 40% when MREe was mutated and 30% when 
either MREg or MREf was mutated during 12 hours exposure to Pb^^ (Fig. SOD). For 
24 hours exposure to Pb�.，mutations of the three distal MREs also decreased the 
promoter activity by about 50% for the mutation of MREe and 10% for mutation of 
either MREg or MREf (Fig. 3 ID). But mutation of MREg did not cause a significant 
effect on tiMT promoter activity induced by Cu^ "^  for either 12 or 24 hours, whereas 
that of MREe and MREf reduced the promoter activity induction by 10% to 30% and 
around 30% respectively (Fig. 30B and Fig. 31B). 
Compared to the mutation of distal MREs, mutation of the other four MREs 
were much less effective in reducing the tiMT promoter activity induced by non-Zn^^ 
metal ions. Only the mutation of MREc significantly decreased tiMT promoter 
activity by Cu^^ treatment for 12 and 24 hours, and Pb^^ treatment for 12 hours. 
Different from other heavy metal ions, mutating MREb seemed to have more 
, 
significant effect in reducing tiMT promoter activity induced by Zn ion treatment 
9 2 
(Fig. 30E and 3IE). The promoter activity after either 12 hours or 24 hours Zvt^ 
exposure was found to decrease by about 20% when MREb was mutated. Mutating 
MREe was found to significantly reduce the induction of tiMT promoter activity 
after 12 hours and 24 hours Zn^^ treatment by around 30% and 40% respectively. 
The activity decreased by about 30% and 20% when MREg was mutated after Zn^^ 
treatment for 12 hours and 24 hours respectively. Site-directed mutation of MREf 
2+ 
seems to have little effect in aborting promoter activity induction by Zn treatment 
when compared to other metal ions. Mutation of MREa was found to increase the 
Zn2+ induced tiMT promoter activity at both 12 hours and 24 hours. 
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Fig. 30 Functional analysis of tiMT promoter with specific MRE abortion by 
site-directed mutagenesis following heavy metal ions exposure for 12 hours. 
Hepa-Tl cells were transfected with reporter constructs with mutations at one of the 
seven putative MRE in the tiMT promoter. The transfected cells were treated with 
7 5 % 24-hr EC50 of (A) Cd^^, (B) Cu^^ (C) Hg^", (D) Pb^^ and (E) Zn^^ for 12 hours 
and the luciferase activities were determined. Fold inductions of relative luciferase 
activities were calculated by dividing the relative luciferase activity of treatment by 
the activity of control. Experiment with the original construct without any mutation at 
any of the MRE was also done and its calculated fold induction of tiMT promoter 
activity is assigned as 100%. Percentage luciferase activities of cells transfected with 
different mutants were calculated with reference to the non-mutated reporter construct 
(pGL3-tiMTP-7MREs). Blue asterisks indicate significant increase in promoter 
activities by specific mutations of MRE. 
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Fig. 31 Functional analysis of tiMT promoter with specific MRE abortion by 
site-directed mutagenesis following heavy metal ions exposure for 24 hours. 
Hepa-Tl cells were transfected with reporter constructs with mutations at one of the 
seven putative MRE in the tiMT promoter. The transfected cells were treated with 
75% 24-hr ECso of (A) Cd2+, (B) Cu2+, (C) Hg2+, (D) Pb2+ and (E) Zn2+ for 24 hours 
and the luciferase activities were determined. Fold inductions of relative luciferase 
activities were calculated by dividing the relative luciferase activity of treatment by 
the activity of control. Experiment with the original construct without any mutation 
at any of the MRE was also done and its calculated fold induction of tiMT promoter 
activity is assigned as 100%. Percentage luciferase activities of cells transfected with 
different mutants were calculated with reference to the non-mutated reporter 
construct (pGL3-tiMTP-7MREs). Blue asterisks indicate significant increase in 
promoter activities by specific mutations ofMRE. 
Table 6 Percentage luciferase activity of site-directed mutated constructs 
induced by 12 hours heavy metal ions exposure. 
Percentage Luciferase Activity of site-directed mutated constructs (12 hours) 
7MRES miit-a mitt-b mut-c mut-d inut-e nmt-f mut-g 
Cd ~ 100±2 ~ 107土 10 _ 88±5 “ 86±8 83土 11 76±2*** ‘ 73±2*** 81 土7* 
Cu “ 100±7 107土 45 “ 100±18 " " ， 1 0 2 ± 9 87±5* 65±6*** 107±~ 
Hg 100±5 ~ I3i±4*** 103±8 102土5 110±3* 72±1*** 83±1*** “ 82±4** 
Pb 100±3 104土5 “ S9db7* 87±4** ""To2±ll "1^2*** 67士2*** 6 7 ± 7 * ~ 
Zn 100±9 137 土 3** 14±4* 91 土 7 102^ 11 70±3** 87 士5 72±4~ 
* P < 0.05 ** P < 0.01 *** P < 0.001 
Table 7 Percentage luciferase activity of site-directed mutated constructs 
induced by 12 hours heavy metal ions exposure. 
PcKeniage Luciferase Activity of site-direcied mutated coosttucts (24 hours) 
TMREs imit-a nmi-b mut-c mnt-d iniit-e mut-f imt-g 
Cd — 100±3 - 100±10 ~ 94-5 ‘ 94±2 93土8 ‘ 67±9** “ •'9±1*** 一 87土？* 
Cu _ 100±2 144土29* _112±3** 一 9 6 ± 1 * 97±15 73±9** 14±2*^ 88±lo"~ 
Hg 100±5 95=fc3 89^ 5 — _ 9 A ± i 70±3* 91=^ 2* 一83 土 3** 
Pb 10Q±2 一 124±15 “ 98±10 99±4 108±11 54±1** “ 88±5* 87±3* 
Zn 100±13 144 土 13** 79±8* 104=7 97±13 61 土 I** 90±3 81 土 5* 
* P < 0.05 ** P < 0.01 *** P < 0.001 
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3.10 Electrophoretic Mobility Shift Assay (EMSA) 
EMSA was used to study the ability of the seven putative MREs in tiMT 
promoter to bind with the cellular protein in Hepa-Tl cells. From Fig. 32, except for 
MREd, a basal level of MRE binding was identified in the whole-cell extract from 
untreated cells. Hepa-Tl cells were treated with 75% 24-hr EC50 of Cd2+，Cu^^ and 
Zn for 24 hours before extract preparation and the MRE binding of these 
whole-cell extracts was also analyzed by EMSA. Incubation of the whole-cell 
extracts from the treated cells with radiolabeled MRE oligonucleotides, except 
MREd, yielded a binding complex with the same size as those in extracts from 
control cells. These shifted bands diminished when the extracts were pre-incubated 
with 200-fold molar excess of unlabeled competitor, indicating that this protein 
factor in Hepa-Tl cells bound specifically to all oligonucleotides with MREs except 
MREd. 
Comparing the binding complex of Zn^^-treated Hepa-Tl cells and untreated 
cells (Table 8), an increase in the MRE binding was observed for MREb (1.52-fold), 
MREe (1.69-fold) and MREg (2.03-fold) after the cells were treated with Zn^^. There 
were no observable changes in MRE binding intensity for MREa, MREe and MREf 
after Zn treatment. However, the binding of all MRE oligonucleotides was not 
induced in extract from both Cd^^ and Cu^^ treated cells when compared to the 
untreated control of Hepa-Tl cells. In the binding reaction of MREd with both the 
control and treated cell extracts, no clear band shift was observed. These results 
indicated that except MREd, all the putative MREs were functional in binding with a 
protein factor from Hepa-Tl cells. Among these six functional MREs, MREa, MREe 
and MREf binding of the transcription factor was not inducible by Zn^^ treatment. In 
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contrast, MREb, MREe and MREg were responsive to Zn^ "^  treatment. The DNA 
binding activity of this transcription factor was only inducible by Zn^ "^  but not Cd^^ 
and Cu2+. Conversely, Cd^^ and Cu^^ treatment reduced the MRE binding activity of 
the transcription factor. 
Besides the band shift specific to MRE binding, there was another low mobility 
complex which corresponded to another protein factor binding to the labeled MRE 
oligonucleotides. The complex of this protein factor moved faster than that of the 
Zn2+-responsive transcription factor, which might imply its smaller size in molecular 
weight than the Zn^^-responsive transcription factor or MTF-1 protein. It might be 
1 
possible that the transcription factor which was activated by Zn corresponded to 
MTF-1 L in tilapia and the other protein corresponded to tilapia MTF-IS (Cheung, 
2003). However, the binding of low molecular weight protein was not diminished 
when excess unlabeled competitor was added, indicating that the binding was not 
specific. 
( A ) extract .....X......["x.....| X........["x...........X......ix...........X.......j"x..... 
metal treatment Zn Zn Cu |Cu Cd I Cd 
u n l a b e l e d M R E ^ 'X' " 厂乂'...... 
• * * » 
M R E a I I I “ 一 
GATCCCGTGTA'I TQCACTCX iGCTCTGTTGTTA f 
GOCACAT； ACOTGAG rCOAGACAACAATCTAG t i 
_ 
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extract [ |…•.X…•.[…••X…..[X…..|.….•X…..[…..X……,……X…..|…‘X…….丨……X…+• 
� ’ metal treatment 2n 2n Cu Cu Cd Cd 
unlabeled MRE x ^ 
mm^rn m^-^ m m m m 
MREb — — ( y i l _ 争、 
GArCC GGlTG IC C/IGTOC A* AAC(. f (::1 ICCiTA 
G<:(; AACA< CACACGT :;TTCrGAGAAGC’.A丁CTAG 
_ 
( C ) extract I |......X X I X ~ 丨 X | X 丨 X | X 丨）r 
metal treatment Zn : Zn Cu Cu Cd Cd 
unlabeled MRE ^ ： x x X 
• • • 參 • 華 番 
MREe ~ ^ — I l l i f I k. ' 
GATCCTAAITCC T 0<； OCCC-； i ICCACCC AACAA ^ 
G.AITAAOC ACCiCOGO rAGGlOGOTTGTTCTAO t. i ... 
�D) extract = : I | Z � . ]X | X.....「.-[了......x"""T"''x"'"r x x " 
metal treatment 2n Zn Cu Cu Cd Cd 
unlabeled MRE .… x x .…x x 
MREd 
GAK.C�AAAA1A< . rOCACtX，\AAT(31TnCl.(�A 
GTTTTATG A-CGTOCCI TT AC A AA.AOACTCTAG 
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( E ) extract X X . X X " x [ X .…. [ : :「 : • *—• 
‘ ‘ metal treatment Zn Zn Cu Cu Cd C d 
unlabeled MRE ^ ^ - ^..... 
:r 
MREe - ~ — y y I 1 1 
GATC:CTT<XACCi:Tt:.T<:.CACAGC.GCCAGCJAAA > ^ ^ ！ f | 
OAACOrCK .CAC'ACGT 3TC0CGGTCCTTTCTA0 » | \ | ^ I | , _ 
- • 
( F ) extract X X X X X X | X X . 
metal t reatment Zn Z n Cu Cu C d Cd 
unlabeled M R E ^ ^ X …厂 
# » �� .. 
N ^ I , I I 
MREf - ~ I I l i ； l | I 
GATCCAGCGGCl 'GGOTOCA GCTCGGCACTGAA f 5 i K * I*——-
OTCGC CGcjcC <:ACGT( OAOCC-GTOACTTCTAC. I « ！ i 1 
. • . r 
( G ) extract X X X X [ X U I X X 1 
metal treatment Zn Zn Cu Cu Cd Cd 
unlabeled MRE ^ t x …义 ^” •• 
— t . i I 
MREg ~ - • ^ •… 
GATCCTGCCA'R lOCACAC KK.,TaKTGCKM ？ 
OACQOTM ACGTOTG X'GAGCGACGAC TCTACT 尋 ？ 麥. 
n ^ i i i 
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Fig. 32 EMSA of the putative MREs in the tiMT gene promoter (Figs in pages 
99-101). Whole-cell extracts from control, Zn^^-treated (75% 24-hr EC50), 
Cu2+-treated (75% 24-hr EC50) and CcP-treated (75% 24-hr EC50) Hepa-Tl cells 
were incubated with radiolabeled (A) MREa, (B) MREb, (C) MREc, (D) MREd, (E) 
MREe, (F) MREf and (G) MREg oligonucleotides on ice for 20 min. The first lane of 
each photo represents the free labeled MRE probes without any cell extract. Except 
for the extract from untreated cells, binding reactions of whole-cell extract from 
Hepa-Tl cells subjected to different treatments (Zn "^^ , Cd^^ and Cu^^) is annotated 
above each lane. The second lane of each treatment indicates the binding reaction 
with the addition of 200-fold excess unlabeled competitors to identify the band shift 
which is specific to the binding with labeled MRE probes. Arrows indicate the 
DNA-protein complexes showing specific MRE binding. 
Table 8 Quantification of MRE binding activities of the transcription factor 
from Hepa-Tl whole-cell extracts. Hepa-Tl cells were treated with Zn^ ,^ Cu^ ^ and 
Cd2+ for 24 hours before preparation of whole-cell extracts. Cell extracts from 
Hepa-Tl with no metal ion treatments were also prepared. Radiolabeled MRE 
oligonucleotides were added and incubated with the extracts at 4°C. The band shifts 
were separated by polyacrylamide gel electrophoresis and detected by 
autoradiography. The intensities of the MRE-binding complexes were quantified by 
Multi-Analyst (Bio-Rad). 
— Control Zn2+ C V . CcP 
MREa 1 ^ 
MREb 1 ^ ^ 
MREc 1 1.07 0.95 ^ 
MREd - - -
MREe 1 1.69 ^ 0.65 
MREf 1 ^ ^ 
MREg 1 2.03 0.66 0.58 
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4. Discussion 
4.1 Tilapia MT gene 
In this project, DNA walking method was used to determine the 5'-flanking 
region of the tiMT gene. Three reverse target specific primers were designed from 
the known sequence of tiMT gene and the unknown 5'-flanking region was easily 
isolated by a few rounds of PCR. The use of the annealing control primer explained 
in Chapter 2 eliminates laborious steps such as restriction enzyme digestion, adaptor 
ligation and purification procedures in other methods like inverse PCR, 
ligation-mediated PCR and randomly primed PCR. It also reduces the amount of 
unwanted products caused by non-specific annealing of primers during PCR, which 
is achieved by the annealing control primers provided in the commercial kit. But the 
size of the unknown upstream region that can be determined depends on the location 
of the annealing control primer binding site (5'-AGGTC, 5'-TGGTC, 5'-GGGTC, 
5'-CGGTC) in the unknown region. This method also has the limitation that it cannot 
be used if these binding sites exist in the 5' end of the known region of the gene of 
interest. 
In the tiMT promoter region identified by DNA walking, seven putative MREs 
have been determined, which has MRE core sequence 5'-TGCRCNC-3' (Table 9). 
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Table 9 Comparison of MREs from tilapia MT (tiMT), common carp MT (ccMT)， 
rainbow trout MT-A (rtMT-A) and MT-B (rtMT-B), pike MT (pMT), stone loach MT 
(slMT), zebrafish MT (zMT), mouse MT (mMT) and human MT (hMT). The most 
active (red) and non-functional (blue) MRE sequences in different MT genes are shown. 
Putative MRE Consensus MRE sequence TGCRCNC (R: purine; N: References 
any nucleotide) 
M ^ J 二 二 二 ； Present study 










^ ^ u Kille era / . , 1993 
^ MREb TGCACAC ， 
MREc TGCACAC 
MREd TGCACAC 
• A S 二 ? B o n h a m e , < 1987;Murphy 




rtMT-B TGCACAC Zafamllah et al, 1988; Samson 
MREb TGCACCC 
MREc TGCACAC and Gedamu, 1995; Samson et 
MREd TGCACAC 
al, 2001 




M R E e TGCACTC 
M R E f TGCACTC 
MREg TGCACTC 
zMT-II ^ 二 二 5 Yan and Chan, 2 0 0 2 
M R E b TGCACTC ^ 
MREc TGCACCC 
MREd TGCACAC 
. . X T MREa TGCGCCC o, ^ , t ,no< 








M R E e TGCACAC 
M R E f TGCACCC 
M R E g TGCACAC 
； 
Three of the putative MREs have a reverse orientation. All vertebrate MT promoters 
contain multiple copies of this MRE sequence, which is important in mediating the 
response to metal ions (Culotta and Hamer, 1989). The seven tilapia MREs identified 
in the promoter region show a high degree of conservation of the core sequence with 
its teleost and mammalian counterparts (Table 9). This suggested that the metal 
regulatory factors and their mechanisms regulating MT gene expression have been 
conserved during evolution (Zafarullah et al., 1988). Comparing the tiMT promoter 
cloned with other teleost MT promoters, although the number of MREs differs 
among different species, all teleost MR promoters possess two clusters of MREs, 
except icefish MT-I. The MREs in tiMT promoter also seem to divide into two 
clusters, MREa, MREb and MREc in the proximal cluster which located near to the 
TATA box while MREe, MREf and MREg in the distal region more upstream from 
the transcription start site (Fig. 33). MREd is located in between the two MRE 
clusters, around 550 bp upstream of the transcription start site. However, MREd 
seems to be nonfunctional (refer to deletion mutant study and site-directed 
mutagenesis study of tiMT promoter). Table 9 summarizes the MRE sequences of 
some teleost and mammalian MT genes, in which the MRE sequences in red 
represents the most active MRE in that organism's MT gene. In human and mouse 
MT genes, MREa and MREd are the strongest, respectively (Koizumi et al, 1999; 
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transcription start site 
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Fig. 33 Schematic representation of the location of putative cw-acting regulatory 
elements in relation to the transcription start site from teleost, human and 
mouse MT gene promoters API: Activator protein-1; MRE: Metal Responsive 
Element; NF-IL6: nuclear factor-Interleukin 6; Spl: Specific protein-1; GRE: 
glucocorticoid response element. (Zafarullah, et al., 1988; Samson, et al., 2001; Kille, 
et al, 1993; Chan, 1996; He et al., 2007; Cheuk, unpublished; Scudiero, et al.，2001; 
Karin et al, 1987, Stuart et al, 1985). Red circles indicate the most active MRE 
sequence in different organisms. 
Stuart et al., 1985). Rainbow trout MT-B gene is similar to the two mammalian MT 
genes that the proximal MREa is the 
strongest MRE (Samson et al., 2001). But the 
other two teleost MT genes (tilapia and zebrafish), the most responsive MRE, MREe 
in tilapia MT gene and MREd in zebrafish MT-II gene (Yan and Chan, 2002), are the 
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fourth MRE from TATA box located at the distal region of MT promoter (Fig. 33). 
This suggests that the arrangement and locations of MREs are not a critical factor for 
metal regulation. For the other teleost MT genes, all the four MREs in common carp 
MT gene promoter are needed (Chan et al, 2004). The study of rainbow trout MT-A, 
pike and stone loach MT gene promoter lacked analyses of individual MRE so no 
conclusion could be made. 
Researches have suggested that both the distal and the proximal clusters of 
MREs in the teleost MT promoter (pike, stone loach, rainbow trout, zebrafish and 
icefish) are essential for maximal metal inducibility of MT genes (Olsson et al., 1997; 
Samson et al., 2001; Scudiero et al, 2001; Yan and Chan, 2002). Similar with many 
distal enhancers on proximal promoters, the distal MREs might be brought into close 
proximity to the promoter by DNA 'looping' through physical interactions between 
distal and proximal bound MRE binding proteins (Felsenfeld, 1992; Samson and 
Gedamu, 1998). On the contrary, the mammalian MT promoters with numerous 
proximal MREs do not generally contain distal MRE sequences (Imbert et al, 1990; 
Samson and Gedamu, 1998). 
Other putative regulatory elements in the tiMT promoter were also predicted by 
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computer programmes. These elements include three glucocorticoid regulatory 
elements (GRE), six activator protein-1 (API) binding sites. However, these putative 
regulatory elements were not studied individually in this project. Among the teleost 
MT promoters, Spl sites were found in common carp MT, zebrafish MT and icefish 
MT-I genes but not in rainbow trout, pike and stone loach MT promoters (Chan, 
1996; Olsson et al, 1995; Olsson and Kille, 1997; Scudiero et al, 2001; Yan and 
Chan, 2002). Spl is a ubiquitous zinc-finger transcription finger for housekeeping 
gene. It has been proposed that Spl might bind with the GC box overlapping with 
MRE to act as a negative regulator of MT gene transcription in mouse (Ogra et al., 
2001). API site are found in rainbow trout MT-A, pike MT, stone loach MT, icefish 
MT-II, common carp MT and zebrafish MT. 5' deletion studies of rainbow trout 
MT-A promoter and common carp MT promoter have revealed the role of AP-1 site 
in MT gene regulation by oxidative stress (Olsson et al., 1995; Chan et al., 2004), 
while zebrafish MT promoter have been shown to be inert to H2O2 treatment (Yan 
and Chan, 2004). Functional roles of Spl and API sites in MT promoter remain to be 
investigated. 
4.2 Resistance of tilapia to heavy metal ions 
In this project, alamar Blue was chosen as the fluorescent dye for assessing cell 
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viability. alamarBlueTM suitable because it is compatible with all metal ions and 
exposure protocols when compared to other methods such as neutral red (Dayeh et 
al, 2005). It also permits monitoring over a broader range of cell densities than MTT 
and XTT when measurement is done by fluorescence (Fields and Lancaster, 1993). 
AlamarBlueTM detects cell viability by utilizing a blue and nonfluorescent dye 
resazurin, which is converted to a pink and fluorescent dye resorufm in response to 
chemical reduction of growth medium resulting from cell growth (Ahmed et al., 
1994; Shahan et al, 1994; Nociari et al., 1998). From the results of cytotoxicity test 
of heavy metal ions in Hepa-Tl cell-line, Cd^^ and Hg2+ were the most potent in 
causing 50% reduction of metabolic rate in cells. The y were substantially more 
potent than Cu^^ and Zn^^. Ni^^ and Pb^^ were found to be the least potent metal ions. 
Similar results were found in other fish cell-lines (Babich and Borenfreund, 1991; 
Segner, 1998). 
HepG2 cell line is a well-studied hepatoblastoma cell line used for MT gene 
regulation studies for two decades, and many fish MT gene promoters such as icefish 
(Scudiero et al, 2001), loach (Olsson and Kille, 1997), pike (Olsson and Kille, 1997)， 
trout (Samson and Gedamu, 1995; Olsson and Kille, 1997), were tested in HepG2 
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cell line. The zebrafish MT gene promoter is also being tested in ZFL cell line 
(zebrafish hepatocytes) (Cheuk, unpublished). Table 10 shows the comparison of 24 
hr-ECso values of various metal ions in HepG2 cells (Yan and Chan, 2004) and the 
three fish liver cell lines, Hepa-Tl cells, ZFL cells (Cheuk, unpublished) and 
RTL-Wl (rainbow trout hepatocytes) (Dayeh et al., 2005). HepG2 cells were 
cultured in RPMI-1640 Medium with 10% fetal bovine serum (FBS). Hepa-Tl and 
ZFL cells were cultured in the medium cocktail with 5% FBS detailed in Chapter 2. 
RTL-Wl cells were maintained in a simple L-15 Medium containing only salt, 
galactose and pyruvate during treatment (Schirmer et al., 1997). Comparing the EC50 
values in HepG2 with those in fish liver cells, Hepa-Tl and ZFL, the two fish liver 
cell lines had a higher tolerance to most heavy metal ions than the human liver cells 
(Table 10). It is reasonable to speculate that as heavy metal contamination is 
common in aquatic habitat and fish is the main affected organisms. But differences of 
E C 5 0 values might be also caused by the difference in temperature (37°C for HepG2 
and 28°C for Hepa-Tl and ZFL) as it has reported that toxicants are more cytotoxic 
to cells at high temperature due to higher metabolic rate (Babich and Borenfreund, 
1987). The difference in culturing medium might also contribute to the difference in 
E C 5 0 values. Bioavailability and hence, cytotoxicity of metal ions can be greatly 
influenced by the presence of serum in the medium (Borenfreund and Puemer, 1986; 
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Schirmer et al., 1997; Lyons-Alcantara et aL, 1996). The effect of medium 
composition on metal ion cytotoxicity can be illustrated clearly when compared the 
results in the three fish cell-lines. The RTL-Wl cells, which were incubated in L-15 
Medium without any serum, amino acids and vitamins, were much more vulnerable 
to metal ions exposure than Hepa-Tl and ZFL cells. 
Lam et al. (1998) have demonstrated that tilapia is a more copper-resistant fish 
species relative to common carp. Tilapia also have a higher copper resistance 
compared with trout, minnows, etc. (Sorensen, 1991) Comparison of the EC50 value 
of Cu2+ in Hepa-Tl with ZFL cells also showed a similar finding that the tilapia liver 
cells were more copper resistant than zebrafish liver cells. But further studies are 
needed for explaining this observation. 
Table 10 Comparison of 24 hr-ECso values for different metal ions on HepG2 
(Yan, 2001), Hepa-Tl (present study), ZFL (Cheuk, unpublished) and RTL-Wl 
(Dayeh et al., 2005) determined by alamarBIue^'^ assay. 
~ 24 hr-ECso (nM) 
HepG2 Hepa-Tl ZFL RTL-Wl 
^ 29.4 98.71 — 140.6 13.76 ~ 
^ 46.3 970.2 308.1 4.75 
H g ^ - 一 118.3 68.59 -
4549.3 — 3157 3872 -
N P 64.7 — 2365 2975 -
— Z n 2 + 161.1 754.0 343.8 8.69 
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4.3 Functional analysis of tiMT gene promoter by transient transfection 
Transient transfection of tiMT gene promoter reporter construct 
(pGL3-tiMTP-7MREs) in Hepa-Tl cells revealed that Cd^^ Cu^^ Hg2+，Pb^^ and 
Zn2+ were strong inducers of tiMT gene promoter activity, while Np^ was poor 
inducer in the in vitro study (Fig. 25 and Table 3). Although it has been shown that 
the binding of metalloregulatory transcription factors can be activated by Zn only 
but not other metal ions (Seguin, 1991; Bittel et aL, 1998), other metal ions such as 
Cd2+ can activate the MT gene transcription indirectly by altering Zr?^ distribution in 
cells. They can displace Zr?^ from the weakly bound cellular zinc-storage protein 
(such as MT) which then activates MTF-1 binding with MRE (Palmiter, 1994). 
Furthermore, it has been suggested that these non-zinc stressors might be involved in 
some metal-responsive signal transduction cascades to regulate MT gene expression 
by changing the level of MTF-1 phosphorylation (LaRochelle et cd” 2001; Saydam et 
al, 2002). 
Though transcription of MT genes can be induced by metal ions in cultured 
cells from a variety of tissues and in intact animals, the induction pattern differs 
between in vitro and in vivo conditions (Andrews, 1990; Albores et al., 1992; 
Kreppel et al.，1993). In vivo study in tilapia treated with intraperitoneal injection of 
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metal ions (Cheung et al., 2004) have shown by quantitative PCR that hepatic MT 
mRNA level in tilapia was induced by Cd^^ Cu^^ Hg2+, Ni^^ Pb2+ and Similar 
results have been observed for other animals. In rats, in contrast to Zn2+, Cd2+, Hg2+, 
Co2+ and Ni^ "^  which can induce MT both in vivo and in vitro, Pb^^, Mn^ "^ , arsenite 
[As(III)] and several organic compounds (e.g., ethanol) did not increase MT content 
of hepatocyte cultures though they did increase hepatic MT content in vivo (Waalkes 
et al, 1984; Klaassen et al., 1985; Brzeznicka et al； 1987; Bracken and Klaassen, 
1987; Albores et al., 1992; Kreppel et al., 1993), This indicated that these chemicals 
might induce MT indirectly. The mechanism of the indirect induction is not known, 
but might be due to the release of glucocorticoids (Karin and Herschman, 1979), 
I 
changes of Zn homeostasis (Maitani and Suzuki, 1982; Waalkes and Klaassen, 
1985), altered post-transcriptional processing of MT mRNA and/or protein (Albores 
et al., 1992). The current results suggested that Cd^^, Cu^^, Hg^^, Pb^ "^  and Zn^^ were 
the primary inducer of tiMT gene as they were able to induce MT promoter activities 
in cell culture. 
The zMT gene promoter has been characterized by Yan and Chan (2001) by 
transient transfection of a zMT-II promoter into zebrafish caudal fin cell line SJD.l, 
for a 12 hours exposure of the transfected cells to 75% 24 hr-ECso of metal ions. 
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Compared with transient transfection study of tiMT gene promoter under the same 
experimental conditions (Table 11), tiMT promoter identified in the present study 
was found to be responsive to Cd:., Cu】—，Hg2+, Pb^^ and Zn^ "^  but not Ni2+. zMT 
promoter was only responsive to Cd�—, Cu^ "^  and Zn^ "^  while inert to Hg2+，Np and 
2+ 2+ 2+ Pb . However, the two MT promoters were similar in the way that Cd and Zn 
were the most potent inducers of MT promoter activity, despite the response of zMT 
promoter to Cd and Zn was stronger than tiMT promoter (Table 11). 
Table 11 Fold induction of tilapia MT (tiMT) promoter in Hepa-Tl cell-line 
(present study) and zebrafish MT-II (zMT-II) promoter in zebrafish caudal fin 
cell line SJD.l (Yan, 2001) by metal ions exposure (75% 24 hr-ECso) for 12 
hours. 
Fold induction of MT gene promoter activity 
tiMT zMT 
Cd2+ 28.6 
Cu2+ ^ 2A 
Hg2+ ^ 
Ni2+ ^ 
Pb2+ A3 1.0 
Zn2+ ^ ^ 
The differential responses of MT gene promoters towards metal ions may be 
due to the different number of MREs in the two MT promoters, seven in the tilapia 
and only four identified in zebrafish. It is possible that there are still some 
unidentified responsive elements or enhancer regions in the unknown distal region of 
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the zMT promoter (Fig. 33), which might be required for the MT induction by Hg2+ 
and Pb2+. Transfection experiments of the rainbow trout MT-B gene indicated that an 
extended promoter, which contained one additional MRE in the distal region, 
mediated a higher level of MT inducibility by Cd^^ than shorter promoter fragments 
that just contained two proximal MREs (Zafarullah et cd.’ 1988). 
Deletion analysis and site-directed mutagenesis study of tiMT promoter 
indicated the significance of the three distal MREs, especially MREe in the MT 
inducibility by non-Zn^^ heavy metal ions (Cd^^, Cu^^, Hg2+ and Pb^^). Both the 
deletion MREg (6MREs vs TMREs, PO.OOl)，and the further deletion of MREf 
(5MREs vs 6MREs, PO.OOl) significantly reduced the induction of tiMT promoter 
activity by Pb at the two time points. Either site-directed mutagenesis of MREf or 
MREg caused a 10-30% reduction in the tiMT promoter activity induction. This 
implied that both MREs are required for the maximum inducibility of tiMT by Pb^^. 
The deletion of MREg (6MREs vs TMREs, PO.OOl) significantly reduced the 
responsiveness of tiMT promoter towards 12 hours or 24 hours exposure to Cd^^. But 
additional deletion of MREf (5MREs vs 6MREs) seemed to have no effect on tiMT 
promoter activity induction, meaning that MREf might be inert to Cd or it 
cooperated with MREf in tiMT promoter activation. Site-directed mutagenesis of 
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MREf and MREg indicated the significance of these two MREs. 
For Cu exposure, from the deletion analysis, removal of MREg (6MREs vs 
7MREs) was able to reduce the induction of tiMT promoter activitiy during 24 hours 
exposure (P<0.001) but not in 12 hours Cu^^ exposure. Mutations of MREg also 
failed to show the effect of this MRE on tiMT promoter inducibility, though a little 
insignificant decrease in tiMT promoter activity for this mutant was observed at 24 
hours exposure. Therefore it was unable to conclude its role during Cu^^ exposure. 
But further deletion (5MREs vs 6MREs, P<0.01 in 12 hours exposure and P<0.05 in 
24 hours exposure) and specific mutation of MREf were able to attenuate the fold 
induction of promoter activity caused by Cu^^ by around 30%. Thus, MREf should 
have a significant role in tiMT induction by Cu^ "^ . 
For Hg2+, the initial 5' deletion of MREg was able to cause a decrease in tiMT 
promoter activity induction during 12 hours exposure (6MREs vs 7MREs, P<0.001), 
but caused only a mild decrease in induction in 24 hours exposure. While 
site-directed mutagenesis of the MT promoter revealed the significance of MREg in 
1 I 
MT induction by Hg exposure, this distal MRE should be active in Hg activation 
of tiMT. Additional deletion of MREf (5MREs vs 6MREs) reduced the inducibility 
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of tiMT promoter during 24 hours exposure of Hg2+ (P<0.05), but only caused an 
insignificant attenuation during 12 hours exposure. Site-directed mutation of MREf 
could reduce the response of tiMT promoter to Hg2+ at both time points. So MREf 
2+ 
should also participate in tiMT promoter activation by Hg . 
Deletion analysis and site-directed mutagenesis of MREe was found to cause 
the most consistent results for all the four non-Zn^^ metal ions at the two time points. 
Comparing the promoter activities of the two deletion mutants (5MREs and 4MREs), 
the tiMT promoter activities induced by these non-Zn^^ heavy metal ions were 
abolished and became insignificant after the removal of MREe. This indicated that 
MREe was the most active MRE, through which C d� .，C u � . , Hg2+ and Pb?. brought 
about MT gene transcription, or MREe was required in cooperation with the other 
MREs to cause activation of MT gene expression by these metal ions. Site-directed 
mutation of MREe, which consistently reduced the tiMT promoter activity induction 
by metal ions, also revealed the same implication. Furthermore, mutation of the 
proximal MREb and that of MREc caused a reduction in activation of tiMT promoter 
in some cases. These might imply some roles of these two proximal MREs in MT 
induction by these non-Zn^"^ metal ions. They might need to cooperate with the distal 
MREs to bring about the full inducibility of tiMT gene, though not to cause a major 
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effect. To have a better understanding of the roles of proximal MREs, 3'-deletion 
studies can be performed to study the promoter activity with proximal MREs 
removed successively from the 3’ end. This helps to give some information to see 
whether distal MRE cluster alone can contribute to the full inducibility of tilapia MT 
or it needs the cooperation of the proximal MREs. 
Different from other metal ions, Zn was able to cause a significant induction 
of tiMT promoter activity after the deletion of the distal cluster of MREs, despite that 
the induction dramatically decreased after the additional removal of MREe (4MREs). 
By comparing the results of the deletion mutants 2MREs and 1 MRE, it could be seen 
that the MREb was required for the ability of Zn�— to activate MT gene transcription. 
The MT promoter activity induction by Zn^^ diminished completely after the 
removal of the six upstream MREs. Together with the deletion analysis studied for 
other metal ions, it was possible to speculate that MREb was most responsive to Zn^^ 
but not to other non-Zn^^ metal ions. Site-directed mutagenesis of MREb and that of 
MREg caused a reduction of tiMT promoter activity induction by around 20% 
individually, while mutation of MREe decreased the induction of promoter activity 
by 30-40%. These agreed with the results from deletion analysis that these three 
MREs were important in tiMT gene expression induction by Zn^^. But mutation of 
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MREf showed no effect of the promoter activity so this MRE might be not active 
during Zn^^ exposure, though MREf was significant to non-Zn^^ metal ions induction 
ofMT. 
In the present study, deletion analysis and site-directed mutagenesis of the tiMT 
promoter demonstrated that the distal cluster of MREs and the proximal cluster of 
MREs were required for maximal inducibility of tiMT by metal ions. These findings 
complied with the MT promoter study in other fish MT genes (Kille and Olsson, 
1994; Olsson et cd., 1995; Olsson et al., 1997; Samson et al., 2001; Scudiero et al, 
2001; Yan and Chan; 2004) and suggested the synergistic cooperative effects of 
multiple MREs in the regulation of MT gene expression. Some metal specificity of 
individual MRE was also observed. In conclusion, MREb is most active towards the 
2+ 2+ 
induction by Zn while non-Zn metal ions requires the distal cluster of MREs to 
cause a significant tiMT activation. The result was similar to the rainbow trout MT-B 
promoter study that an additional MREc in rainbow trout MT-B promoter caused a 
significantly higher inducibility in response to Cd^^ exposure in contrast to the 
promoter fragment containing only MREa and MREb (Zafamllah et al, 1988). The 
distal cluster of MREs in rainbow trout MT-B (Samson et cd., 2001) and in present 
study also contributed to the Zn^'^-induced MT promoter activity through 
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cooperativity. 
However, comparing results of 5’ deletion analysis and site-directed mutgenesis 
of tiMT promoter, deletion of MREe abolished promoter activity induced by most 
metal ions, but the mutation of MREe did not cause a drastic attenuation of promoter 
activity induction. This discrepancy between two studies might be due to several 
reasons. First, it has been suggested that multiple MREs cooperate in a synergistic 
fashion on metal-regulated transcription (Yan and Chan, 2004). Removal of the three 
most distal MREs in deletion analysis might therefore cause a more apparent drop of 
promoter activity than the mutation of MREe only in the site-directed mutagenesis 
analysis. Multiple MREs mutation can be performed to further confirm the results of 
these two studies. Another possible reason is that the adopted MRE mutation 
(TGCRCNC ^ ATTKCNC) might not be sufficient to abolish completely its 
biological function in MT gene regulation. 
Although the results of site-directed mutagenesis of MREa in tiMT promoter 
consistently showed increased inducibility of tiMT promoter activity by Zn^^, this 
might not imply MREa is a negative regulatory element in tiMT promoter. Among 
the seven putative MREs, only the specific mutation of MREa greatly reduced the 
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basal level of luciferase activity by over 50% (Fig. 34). Despite that the Zn^^-induced 
activity also decreased significantly by mutation of MREa, the degree of reduction in 
luciferase activity was smaller than the decrease in basal activity. Therefore, the 
calculated induction of promoter activity was found to increase after MREa mutation. 
This might not imply the negative regulatory role of MREa. Instead, the results 
indicated the significance of MREa in maintaining the basal level of MT promoter 
activity. MREa might be in fact required for basal tiMT gene expression. 
The roles of other regulatory elements in tiMT gene promoter were not 
investigated in this study. However, their importance in regulating MT gene 
expression cannot be ignored, as regulatory elements such as API sites and GRE 
have been shown to be responsible for inducing MT in mammalian and fish species 
by oxidative stress and glucocorticoids (Mayo and Palmiter, 1981; Olsson et al, 
1995; Chan et al., 2004). An in vivo study in MT expression regulated by 
glucocorticoids showed that progesterone significantly stimulated the MT expression 
in adult tilapia (Oreochromis mossambicus) (Wu et al, 2002). Also, more MT was 
expressed after Cd^^ exposure in both Cortisol- and progesterone-treated tilapia than 
Cd2+ tilapia alone (Wu et al., 2002). But further investigation of the roles of GRE in 
tiMT promoter in response to glucocorticoids treatments is needed to elucidate their 
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molecular mechanisms in regulating MT gene expression. 
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Fig. 34 Basal level of relative luciferase activity of mutant constructs with 
site-directed mutation at specific MRE in tiMT promoter. Hepa-Tl cells were 
transfected with reporter constructs with mutations at one of the seven putative MRE 
in the tiMT promoter and pRL-CMV (Promega) plasmid. Non-mutated reporter 
construct (pGL3-tiMTP-7MREs) was also transfected for comparison. The relative 
luciferase activity was calculated by dividing the firefly luciferase activity with 
Renilia luciferase activity (pRL-CMV). Mutation of MREa caused a significant 
lower basal level of relative luciferase activity than the non-mutated constructs and 
other mutants. 
4.4 DNA binding of metal responsive transcription factor in Hepa-Tl cells 
Band shifts with the same size were observed for the incubation of whole-cell 
extract from Hepa-Tl cells with all synthetic oligonucleotides flanking the MREs in 
tiMT promoter, except MREd. This showed that these six MREs (MREa, MREb, 
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MREc, MREe, MREf and MREg) identified were functional in binding a common 
transcription factor in tilapia liver cells. The DNA binding of the transcription factor 
was shown to be specific to the six MRE oligonucleotides as seen in the competition 
analysis of unlabeled oligonucleotides. But to show the transcription factor binding is 
exclusive to the MRE consensus sequence in the oligonucleotides, additional controls 
using mutated MRE oligonucleotides can be included in EMSA. The MRE sequence 
can be mutated in the same way as site-directed mutagenesis (TGCRCNC— 
ATTRCNC) to see whether this mutation can abolish the transcription factor binding 
on MREs. The mutated oligonucleotides can be added as either radiolabeled probes 
or competitor of non-mutated probes for transcription factor binding. 
The binding of transcription factor with MREb, MREe and MREg intensified in 
the whole-cell extract from Zn -treated Hepa-Tl cells when compared with the 
control cell extract. The MRE binding activity of the transcription factor after Zn^^ 
2+ 
treatment increased for 50% to 100%. It suggested that Zn treatment could activate 
the binding of a Zn^^ responsive transcription factor with these three MREs. This is 
consistent with previous studies that both fish and mammalian cells respond to Zn^^ 
by increasing MTF-1 binding (Heuchel et al., 1994; Dalton et al., 1997; Dalton et al, 
2000). While the bindings of the protein factor with MREa, MREc and MREf were 
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not inducible by Zn^^ pretreatment of Hepa-Tl cells, the binding might contribute to 
the basal expression of MT gene. Among the seven MREs in tiMT promoter, MREd 
seemed to be non-functional, as revealed by deletion analysis, site-directed 
mutagenesis and the EMSA experiments. 
Cd2+ and C u � . are notable to induce MT expression and were found to activate 
the tiMT gene promoter, but results of EMSA indicated that there was no increase in 
band shift and MRE binding of transcription factor from Hepa-Tl cells were not 
activated by Cd^^ and Cu^^ in vivo. Instead, from the current results, they might 
inhibit the MRE binding of the transcription factor. Similar results were found in the 
study of human MTF-1 in HeLa cells (Murata et al., 1999). These findings were 
observed for all the six functional MREs in tiMT promoter. However, these MREs, 
especially MREe, MREg and MREf were found to be responsible for the inducibility 
of MT gene by these two metal ions, as shown in the deletion analysis and 
site-directed mutagenesis of tiMT promoter studies. These EMSA results are similar 
to what has been observed for MTF-1 binding in mouse and human cells (Seguin, 
1991; Dalton et a!., 1997; Bittel et al, 1998). The binding of MTF-1 to MRE 
requires the occupancy of zinc finger 1 with zinc (Bittel et aL, 2000). But occupancy 
of the zinc fingers by other transition metals even inhibits MTF-1 binding to DNA in 
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vitro (Bittel et al., 1998). This suggested that non-Zn^^ metal ions, such as Cd^^ and 
Cu2+ can activate the MT gene transcription by some indirect mechanisms which do 
not involve inducing MTF-1 binding with MRE. It has been proposed that other 
metal ions induce MT gene expression indirectly by altering Zn^^ metabolism, 
causing the redistribution of a small fraction of Zv?^ by displacing Zn^ "^  from the 
weakly bound cellular zinc-storage protein which in turn activates MTF-1 to bind 
MRE (Palmiter, 1994; Zhang et aL, 2003). This activation of MT gene by non-Zn^"^ 
metal ions through intracellular Zn^^ pool cannot be excluded that a subpopulation of 
MTF-1 bound to the MT promoter may be sufficient to carry out its 
metalloregulatory functions. But the current results imply that this mechanism may 
only account for a small part of MT induction at a sublethal dose of non-Zn^^ metal 
ions adopted in this study. Other events increasing the transactivation potential of 
• • 2 + 
MTF-1 should be involved. It is speculated that, at low concentrations, Cd can 
induce MT gene transcription through the acquisition of greater trans-activity from 
that portion of the MTF-1 protein ( � 1 0 % ) that is known to be competent for binding 
MRE under low Zn conditions (Dalton et al., 2000). 
From the MRE binding ability and Zr?^ responsiveness as shown in EMSA, it is 
reasonable to suggest that the transcription factor observed is MTF-1 L in tilapia liver 
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cells. However, supershift assay involving additional incubation of the original 
binding reaction with MTF-1 antibody failed to show the identity of this transcription 
factor. It might be due to the MTF-1 antibody used in this study was antigenic to the 
epitope of human MTF-1, as no tilapia or fish MTF-1 antibody is commercially 
available. Furthermore, two isoforms of MTF-1 cDNA (MTF-1 L and MTF-S) were 
identified in tilapia (Cheung, 2003). Both forms of MTF-1 have high homology with 
other mammalian and fish MTF-1 in their zinc finger DNA binding domain, except 
the short form MTF-IS lacks one zinc finger and the transactivation domains. In the 
EMSA study, apart from the Zn^^-responsive transcription factor, it might be possible 
that there was another protein with a lower molecular weight in the Hepa-Tl cells 
that could bind to the radiolabeled MRE oligonucleotides. However, 200-fold excess 
of competitor could not diminish binding of this protein to the MRE probes and the 
reason was unknown. Further studies are needed for the confirmation of transcription 
factor identity and the respective roles of the tilapia MTF-1 isoforms, such as use of 
recombinant tilapia MTF-1 L and MTF-IS in tiMT gene regulation, and production of 
polyclonal antibody antigenic to these recombinant proteins. 
Previous studies indicate that metal-inducible transcription requires several 
processes, including nuclear translocation, DNA binding and transcriptional 
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activation (LaRochelle et al., 2001; Saydam et al., 2001; Saydam et al., 2002). The 
nuclear localization of many transcription factors is a key controlling point in 
regulating gene expression and accompanies differentiation or changes in the 
metabolic state of eukaryotic cells (Jans and Hubner, 1996). Some transcription 
factors reside predominantly in the cytoplasm and are translocated to the nucleus 
during stimulus (Picard and Yamamoto, 1987; Baeuerle and Baltimore, 1988; Metx 
and Ziflf, 1991). One mechanism associated with nuclear translocation of 
transcription factor is the nuclear localization signal (NLS) (Boulikas, 1993). Mouse 
MTF-1 has a putative NLS (KRKEVKR) that immediately precedes the zinc finger 
domain (Radtke et aL, 1993). Amino acid alignment of MTF-1 sequences from 
different organisms and tilapia also shows that a consensus NLS exists in these 
MTF-1 proteins (Fig. 35). It has been shown that the majority of MTF-1 protein is 
located in the cytoplasm and increases in heavy metal ions such as Zn^^ and Cd^^ can 
promote the rapid transport into the nucleus and the activation of DNA binding 
activity of MTF-1 (Smimova et al., 2000, Saydam et al., 2001). A recent study has 
2+ 
also shown that Zn and Cd are able to induce nuclear translocation of the 
zebrafish MTF-1 fusion protein (Chen et al., 2007). As a consensus motif of NLS is 
also present in tilapia MTF-1 protein, it is possible that heavy metals activate nuclear 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































gene. However, the current EMSA results failed to give information about the 
subcellular localization of the Zn^^ responsive transcription factor in resting cells and 
in cells undergoing heavy metal exposure, since whole-cell extract from Hepa-Tl 
cells was used. 
For a large protein, the NLS has to be exposed on the protein surface for 
translocation to the nucleus (Boulikas, 1993). Interactions between and MTF-1 
may cause conformational changes leading to uncovering of the NLS (Smimova et 
al., 2000). Another possible mechanism is the phosphorylation of sites adjacent to 
NLS (Jans and Hubner, 1996). Finally, it is possible that zinc fingers are involved in 
the metal-induced nuclear translocation of MTF-1 as mutations of zinc fingers of 
MTF-1 were found to cause cytoplasmic localization of MTF-1 (Radtke et al, 1995). 
The unique tyrosine kinase phosphorylation site in human MTF-1, Tyr'"^ ,^ is 
contiguous with the MTF-1 NLS. The location of this unique, putative 
phosphorylation site that is adjacent to NLS is conserved in vertebrate MTF-1 
proteins (Fig. 35). So phosphorylation of this residue may contribute to the 
regulation of MTF-1 nuclear transport and indeed, studies have shown that after 
metal exposure, the phosphorylated form of MTF-1 accumulates in the nucleus 
(Saydam et aL, 2002). But another study (LaRochelle et al., 2001) demonstrated that 
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increased MTF-1 nuclear localization was not inhibited in cells preincubated with 
different kinase inhibitors, despite strong inhibition of MTF-1-mediated gene 
expression. Further investigation on the subcellular localization and metal-induced 
nuclear translocation of MTF-1 in resting and metal-treated cells are needed. EMSA 
with cytoplasmic and nuclear extract from Hepa-Tl cells and subcellular localization 
of recombinant MTF-1 tagged with a green fluorescence protein in Hepa-Tl cells 
help to resolve these questions. 
Our results indicated that Zn^^ was able to activate the transcription factor to 
bind with the several MREs (MREb, MREe and MREg) in the tiMT gene promoter. 
It is hypothesized that Zn^ "^  bind to the zinc fingers of MTF-1, causing a 
conformational change in the protein and subsequent binding to the MRE (Heuchel 
et cd., 1994). Recent studies have suggested that the six zinc fingers of MTF-1 are 
different with respect to their functions in DNA binding and formation of a stable 
chromatin complex on the MT promoter (Chen et al., 1998; Chen et a!., 1999; Bittel 
et al., 2000; Koizumi et al, 2000; Apuy et aL, 2001; Giedroc et al, 2001; Jiang et al., 
2003). Overall, it is suggested that the zinc finger 2 to 4 exhibit high affinity zinc 
binding and constitute the core DNA-binding domain. Among the other half zinc 
fingers, zinc finger 1 is speculated to be metal-sensing, to suppress the DNA-binding 
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activity of adjacent fingers in the absence of sufficient Zn^^ but enhance their DNA 
binding activity when Zn^^ is replete. Finger 1 achieves the function maybe by either 
directly interacts with finger 4 or stabilizes an intramolecular interaction between 
finger 4 and the adjacent fingers (Apuy et al., 2001). It is also suggested that finger 1 
unmasked the adjacent NLS in MTF-1 protein upon exposure to exogenous metal 
ions, promoting the nuclear import of MTF-1 (Jiang et al., 2003). The functions of 
fingers 5 and 6 are poorly understood. But they are highly conserved during 
evolution and should be of functional importance in MTF-1. Recently a study 
demonstrated the importance of linker peptides between the zinc fingers in the zinc 
sensing function of mouse MTF-1. Mutation of the linker peptide between zinc 
finger 1 and 2 resulted in constitutive DNA binding, nuclear translocation and 
transcriptional activation of the mouse MT-I gene, which was independent of 
exogenous Zn (Li et al., 2006). The mutation of linker between finger 3 and 4 
caused MTF-1 to be less sensitive to Zn^^-dependent activation (Li et al., 2006). 
These proposed mechanisms fail to explain the activation of MT gene transcription 
I 
by non-Zn metal ions. From our results, the mechanism that these metal ions 
activate MT gene expression through displacing Zn^^ in the zinc binding protein to 
increase intracellular Zn^^ concentration (Palmiter, 1995; Heuchel et al., 1995; 
Roesijadi，1996) might be not effective as Zn^^ treatment alone in enhancing MTF-1 
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binding, since Cd and Cu activate MT gene promoter activity to a level similar to 
Zn2+ despite their inability to activate MRE binding activity of MTF-1. These 
non-Zn^^ metal ions regulate MT gene expression most probably by other indirect 
mechanisms. But the importance of intracellular Zn^^ in mediating the MT gene 
response by other metal ions cannot be excluded. 
Metal ions have been suggested to activate MT gene expression by increasing 
the transactivation potential of MTF-1. Recent studies suggest that post-translational 
modification of MTF-1 through phosphorylation play a significant role in its 
mechanism of activating MT gene expression (Bittel et al., 1998; LaRochelle et al., 
2001). It has been shown that the level of MTF-1 phosphorylation is modified after 
the exposure to Zn^^ or Cd^^ in vivo (Adams and Freedman, 2000; LaRochelle et al., 
2001; Saydam et al., 2002). Indeed, protein motif analysis (PROSITE) (Hofmann et 
al., 1999) of MTF-1 from different species indicates the presence of several 
evolutionarily conserved, potential phosphorylation sites, including protein kinase C, 
casein kinase II and tyrosine kinase. Similarly, analysis of tilapia MTF-1 L amino 
acid sequence (Cheung and Chan, unpublished) by PROSITE has predicted 8 
putative protein kinase C sites, 8 casein kinase II sites and a tyrosine kinase site. 
Therefore, it is possible that the level of phosphorylation in tilapia MTF-1 also 
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changes during heavy metal exposure. A model in which transcriptional activation of 
MT via the MTF-1/MRE interaction is controlled by several signal transduction 
cascades that ultimately affect the level of MTF-1 phosphorylation has been 
proposed. Studies have shown that addition of signal transduction inhibitors 
including protein kinase C, c-Jun N-terminal kinase, phosphoinositide 3-kinase and 
tyrosine kinase inhibitors attenuates or abolishes MT mRNA induced by heavy metal 
ions (Yu et al” 1997; LaRochelle et al., 2001; Saydam et ai, 2002), while the 
activator of signal transduction cascades causes an increase in the steady-state level 
of MT mRNA (Garrett et al., 1992; Kelly et al., 1997; Laychock et al, 2000). Metal 
ions, oxidative stress and radiation, which are known to induce MT transcription, are 
also found to modulate the activity of intracellular signal transduction cascades 
(Whisler et al, 1995; Beyersmann and Hechtenberg, 1997; Karin, 1998; Stohs et al； 
2000). This further supports the model that the regulation of MT gene expression by 
2+ 2+ 
metal ions, including Zn and Cd involves the modulation of several kinases, some 
of which may overlap with the MTF-1 kinase transduction pathway thus stimulating 
MTF-1 transcriptional activity. This help to explain how non-Zn^^ metal ions activate 
MT gene expression without inducing MTF-1 DNA binding activity. 
Jiang et al. (2004) suggested that MTF-1 phosphorylation might not play an 
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important role in the regulation of its activity, as the results from that study seemed 
to show that metal treatment did not cause a significant change in the 
phosphorylation level or modification pattern of MTF-1. Instead, they suggested that 
signal transduction cascades activated by metal ions might act on cofactors that 
interact with MTF-1, rather than causing the phosphorylation of the MTF-1 directly. 
Although a coactivator model and the existence of a metal-sensing MTF-1 inhibitor 
have been proposed (Palmiter, 1994; Heuchel et al., 1995), no such cofactors have 
been identified to interact with MTF-1. A detailed analysis of the specific residues 
subjected to post-translational modification in MTF-1 protein, and the identification 
of MTF-1 kinase or its cofactors will be essential for a complete understanding of the 
role of MTF-1 in MT gene expression regulation. 
mRNA turnover is also an important factor in the regulation of gene expression 
in eukaryotic cells and complements transcriptional regulation by endowing the cell 
with the capability to rapidly vary the levels of existing transcripts (Belasco and 
Brawerman, 1993; Jacobson and Peltz, 1996). Deadenylation and decapping are the 
two most important steps in the mRNA degradation pathway and typically occur 
sequentially (Cao and Parker, 2001; Wilusz et al, 2001; Tucker et cd； 2002). 
Transcript stability is thought to be regulated by specific sequences or structures in 
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the 3' or 5' untranslated region (UTR) and by cognate trans-2iC(mg factors that 
recognize, and in some cases may bind to, these elements (Mignone et al.’ 2002). 
Although it was suggested that Cd^^ might have a small effect on mouse MT-I 
mRNA stability (Durnam and Palmiter, 1981), the study of MT gene regulation by 
metal ions at this level is limited. 
In contrast to mammalian MTF-1, the existence of MTF-1 isoforms has been 
identified in fish (Dalton et al, 2000; Cheung, 2003). The MTF-1 isoforms in trout, 
MTF-1 H and MTF-1 L, have been found to be reversibly activated by Zn^^ in their 
MRE binding activity at different temperatures. This may allow the fish to have the 
capacity to exchange Zn^^ and regulate Zn^"^-dependent processes at lower 
temperatures, as trout inhabits areas with a large variation of temperatures during 
different seasons (Dalton et al., 2000). The study of tilapia MTF-1 isoforms 
(MTF-1 L and MTF-IS) has suggested that MTF-1 L is structurally and functionally 
similar to mammalian MTF-1 while MTF-IS may act as a DNA repressor, as 
MTF-IS lacks any of the transactivation domains common in other MTF-1 proteins, 
and the co-transfection of MTF-IS overexpressing construct has been found to 
significantly reduce the basal and induced level of tiMT gene promoter activity 
(Cheung, 2003). Further studies in the functions of fish MTF-1 isoforms such as 
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EMSA of recombinant and native MTF-1 proteins, subcellular localization and gene 
expression study of MTF-1 isoforms during metal stresses would be important for 
understanding the MT gene regulation mechanisms in fish. 
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Fig. 36 Proposed mechanism of MT gene regulation by metal ions in tilapia. 
MTF-1 L can be activated to bind Zx^^ (exogenous or displaced Zn^^ by Cd^^ from 
intracellular Zn^^ binding protein) and translocated to the nucleus for activation of 
MT gene expression. But from the experimental results, intracellular Zn^ "^  alone 
might not be enough for increasing the MTF-1 L binding. Cd^ "^  and also Zn^ "^  might 
activate some kinases which phosphorylate MTF-1 L directly or through some 
unidentified MTF kinases. This might increase the nuclear translocation and also the 
binding of MTF-IL to MT promoter. These kinases might also activate MT gene 
expression by phosphorylation of MTF-IL that originally bound to MRE. The 
existence of MTF-IS further complicates the situation. It is not known whether it is 
situated in the cytoplasm or the nucleus. If it exists in cytoplasm, metal ions might 
activate its nuclear translocation and MRE binding activity as it has five of the six 
zinc fingers. But co-transfection study has shown that MTF-1 S decreased MT 
promoter activity. Therefore it is possible that MTF-IS might originally bind to MT 
promoter and act as a DNA repressor. Zn^ "^  and other metal ions might cause 
dissociation of this inhibitor either by increasing intracellular Zn^^ or through the 
phosphorylation of MTF-1 S. Then MTF-IL can bind to the MT promoter for 
activation of MT gene expression. Subcellular localization by tagging a GFP to the 
tilapia MTF-Is can give information about the role of these proteins during metal ion 
treatments. Quantitation of mRNA level of these two MTF-Is also helps us to 
determine whether metal ions would regulate tiMT expression by de novo synthesis 
of MTF-Is. Production of recombinant MTF-Is and their antibodies would be useftil 
for studying their respective MRE binding properties upon metal ion treatment. 
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4.5 Conclusion 
In summary, a 5'-flanking region (2118 bp) containing six functional MREs in 
the tiMT gene promoter was identified. Heavy metal ions including Cd^^, Cu^^, Hg2+, 
Pb and Zn induced the tiMT promoter activity significantly. Different MREs 
showed differential responsiveness towards metal ions. Deletion analysis indicated 
that the induction of tiMT promoter activity by non-Zn^^ metal ions was abolished 
after the removal of the three distal MREs, whereas Zn still caused a significant 
induction. Site-directed mutagenesis revealed that cooperation between MREs in 
tiMT promoter was important in MT gene activation as mutations of distal or 
proximal MREs reduced induction by metal ions. The most proximal MREa was 
responsible for the basal and induced level of tiMT promoter activity. Summarizing 
the two promoter characterization experiments, distal cluster of MREs, especially 
MREe was essential for the inducibility of MT promoter activity by metal ions, while 
the proximal MREs were most responsive to Zn^^. From the results of EMSA, a 
Zn2+-responsive transcription factor from tilapia liver cells was able to bind with the 
MREs (except MREd) in the promoter. The transcription factor was similar to other 
mammalian and fish MTF-1 that only Zn^^ enhanced MRE binding of the 
transcription factor. In contrast, other metal ions induced tiMT transcription without 
significantly activation of MTF-1/MRE binding. Other indirect mechanisms 
activating tilapia MTF-1 and MT by metal ions remain to be elucidated. While 
activation of tiMT gene expression through intracellular Zn^^ pool was unable to 
significantly induce transcription factor binding activity, post-translational 
modifications such as phosphorylation of transcription factor in tilapia may be more 
important for metal-induced tiMT gene expression. 
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